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Limiar 
 
 
 O estudo dos cambios climáticos do Cuaternario Superior en rexistros mariños 
acadou nos últimos anos un gran auxe e uns valiosos resultados que nos permiten 
entender dun xeito moi preciso como é e como funciona o sistema climático e a 
evolución oceanográfica que a Terra experimentou nas últimas decenas de miles de 
anos. 
 No grupo de investigación XM-1, Oceanografía xeolóxica e bioxeoquímica do 
Departamento de Xeociencias Mariñas da Universidade de Vigo, lévase realizando nos 
últimos anos unha análise detallada da evolución do clima e da oceanografía das rías, da 
plataforma continental galega e do talude continental do NW da Península Ibérica cun 
enfoque multi-disciplinar. Esta tese supón unha nova contribución a esta liña de traballo 
e unha ampliación da área de estudo alén do talude continental, xa que achega novos 
datos acerca da Conca Interior de Galicia (GIB), escasamente estudada até o momento. 
Para a realización destes estudos estanse a empregar os rexistros sedimentarios mariños 
obtidos nos diferentes ambientes de sedimentación presentes na marxe continental 
galega, especialmente na súa marxe Atlántica.  
 Dentro do estudo paleoclimatolóxico e paleoceanográfico da marxe galega, máis 
concretamente, no estudo dos cambios climáticos abruptos durante os últimos 60000 
anos, así como os seus procesos e consecuencias, inclúese este proxecto de Tese de 
Doutoramento. Esta Tese ten como obxecto, polo tanto, darlle explicación, dende o 
punto de vista sedimentario, climatolóxico e oceanográfico a estes cambios climáticos 
abruptos dende un enfoque multi-disciplinar que permita unha aproximación global ao 
seu entendemento. O estudo dos cambios climáticos abruptos ten neste momento unha 
grande importancia xa que serían os cambios que terían unha comparación máis directa 
coa actual mudanza climática que os sistema terrestre está a experimentar. Dentro 
destes cambios climáticos abruptos descritos para o último ciclo glaciar, este traballo 
céntrase especialmente nos denominados Eventos de Heinrich (HE), que serían os de 
maior entidade e que máis pegada, tal e como se verá ao longo da Tese, deixaron no 
rexistro sedimentario da marxe galega. 
 O traballo que aquí se presenta sérvese tamén da corrente aparecida nos 
últimos anos no que o estudo dos rexistros sedimentarios mariños estase a desenrolar a 
través do uso de moitas e diferentes ferramentas, neste caso, químicas, físicas, e 
micropaleontolóxicas. Tal e como se verá nesta Tese, as diferentes metodoloxías 
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utilizadas serán presentadas e descritas. Dentro destas metodoloxías, e sempre tendo en 
conta o relativamente novo que é o estudo de rexistros sedimentarios mariños, este 
traballo tenta compaxinar o uso dunhas metodoloxías máis clásicas, como pode ser o 
estudo das asociacións de foraminíferos planctónicos ou mesmamente o estudos das 
propiedades físicas e químicas do sedimento, con outras máis novidosas como o análise 
de elementos traza nas cunchas de foraminíferos planctónicos. Ademais, esta Tese tenta 
adquirir una carácter máis innovador, introducindo e facilitando o uso dunha 
metodoloxía nova e pouco utilizada polo de agora nos rexistros sedimentarios mariños 
como o é a Tomografía Computarizada (CT). 
 Baseándose nas particularidades e características da marxe galega, nos rexistros 
sedimentarios obtidos, na metodoloxía utilizada e nos cambios climáticos e 
oceanográficos acontecidos a nivel global nos últimos 60000 anos, os obxectivos cos que 
se presenta este proxecto de Tese son os seguintes: 
 
-A caracterización sedimentaria dos rexistros e polo tanto do recheo sedimentario da 
marxe galega, máis concretamente da Conca Interior de Galicia. 
-O establecemento dun marco cronoestratigráfico para a rexión de estudo. 
-A caracterización dos medios sedimentarios, as causas e os procesos que tiveron lugar 
ao longo dos últimos 60000 anos. 
-A determinación das especies de foraminíferos planctónicos dos rexistros sedimentarios 
utilizados e o establecemento e caracterización das súas asociacións. 
-A identificación, descrición e caracterización dos cambios climáticos que afectaron á 
zona de estudo durante os últimos 60000 anos, con especial atención aos cambios 
climáticos abruptos e aos seus efectos na oceanografía da zona de estudo. 
-Estimar as temperaturas da auga superficial mediante o uso de diferente metodoloxía 
(Ecuacións de transferencia, isótopos de osíxeno, elementos traza) e comparar os 
resultados obtidos para a área de estudo con outros rexistros de temperatura da auga 
superficial da marxe ibérica para establecer as características da evolución climática e 
ocenográfica dende un enfoque máis global. 
-O uso e desenrolo da Tomografía Computarizada nos rexistros da marxe galega como 
nova metodoloxía sedimentolóxica así como o establecemento dun protocolo de estudo 
para a súa utilización. 
-O deseño e desenrolo de programas informáticos para a optimización do estudo dos 
rexistros sedimentarios usando a Tomografía Computarizada. 
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-Interpretar dun xeito integral a evolución paleoceanográfica e paleoclimática da marxe 
galega durante o último ciclo climático. 
 
 Conforme ao dito anteriormente e ao traballo desenrolado durante o tempo 
dedicado a este proxecto, a estrutura da Tese queda polo tanto establecida do seguinte 
xeito: 
 
Capítulo I: Introdución. 
 Resumo e descrición preliminar da área de estudo dende o punto de vista 
xeolóxico, climático e oceanográfico para contextualizar o traballo dentro do marco 
climático e oceanográfico global. Tamén se recollen neste capítulo consideración previas 
tanto de traballos xenéricos sobre a evolución climática e oceanográfica global como de 
traballos máis locais. 
 
Capítulo II: Evolución sedimentaria da Conca Interior de Galicia durante os últimos 60 ka: 
Procesos sedimentarios e implicacións paleoceanográficas. 
 Neste capítulo preséntase o análise multi-indicador de seis testemuñas de 
gravidade obtidas nunha liña E-W a través da Conca Interior de Galicia (GIB; NW da 
Península Ibérica). Este traballo ten como obxectivo a reconstrución da evolución 
sedimentaria, paleoceanográfica e paleoclimática da marxe atlántica galega durante os 
últimos 60 ka. As taxas de sedimentación foron maiores durante o período glacial, 
especialmente durante os eventos de arrefriamento extremo (Eventos de Heinrich), que 
durante o Holoceno. O períodos glaciais estiveron dominados por altas taxas de 
sedimentación e por correntes ao longo do talude na parte este da Conca Interior de 
Galicia, o que permitiu o crecemento dun corpo contornítico nesta zona namentres que 
a sedimentación peláxica e hemipeláxica dominaba nas partes centrais e occidentais da 
conca. O Holoceno caracterízase por unha taxa de sedimentación moi baixa. Os cambios 
nas taxas de sedimentación son o resultado da relación entre a) os procesos de 
acumulación sedimentaria que tiveron lugar na Conca Interior de Galicia (contorníticos, 
turbidíticos e peláxicos/hemipeláxicos), e b) a variación da achega sedimentaria cara a 
conca, debido sobre todo ás variacións do nivel do mar que afectarían sobre todo ás 
áreas máis elevadas, como o Banco de Galicia e a plataforma continental. En xeral, o 
cambios nos procesos sedimentarios que afectan á conca están asociados aos cambios e 
á evolución da oceanografía. Os Eventos de Heinrich (HE) son o trazo máis salientábel do 
recheo da conca, e son facilmente recoñecíbeis nos diferentes ambientes sedimentarios 
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presente na GIB. A intensidade e a acción dos HE ao longo da conca non foi uniforme, 
con diferenzas palpábeis que afectaron e modularon os procesos durante os períodos 
glaciais na área de estudo. 
 
Capítulo III: O CT-scan como un novo método sedimentolóxico: Caracterización 
tomográfica da Conca Interior de Galicia e o desenrolo do anidoC como un programa 
informático específico. 
 
 As técnicas non destrutivas de análise de testemuñas, especialmente de 
testemuñas mariñas, están sendo profundamente utilizados para as investigacións 
sedimentarias, paleoceanográficas e paleoclimáticas. O escáner por medio da 
Tomografía Computarizada (CT-scan) permite obter imaxes en 2D e 3D de acordo cos 
planos de corte desexados. Este feito permite a identificación de estruturas 
sedimentarias, os grans de sedimento máis grandes a súa distribución, e a medición 
directa das densidades. A achega máis importante desta técnica reside na posibilidade 
de tomar todas as medidas sen a necesidade de abrir previamente a testemuña. Neste 
traballo preséntanse e discútense os datos do CT-scan obtidos de cinco testemuñas 
recollidas da Conca Interior de Galicia (NW da Península Ibérica). O traballo está dividido 
en catro temas relacionados co uso do CT-scan propiamente como método, a descrición 
tomográfica das facies sedimentarias identificadas para a GIB, o desenrolo de programas 
específicos para a análise dos datos tomográficos (anidoC) e a comparación destes datos 
tomográficos con outros datos obtidos a partir doutra metodoloxía. 
 O protocolo preliminar de uso do CT-scan que se desenrolou para o estudo das 
testemuñas da GIB baséase no establecemento dun equilibrio entre a obtención de 
datos á maior resolución posíbel e a manexabilidade dos arquivos resultantes. As 
características tomográficas específicas para cada facies foron descritas usando tanto os 
datos visuais como numéricos, tentando establecer un catálogo tomográfico das facies 
presentes na GIB. Do mesmo xeito, este catálogo poderíase usar como unha ferramenta 
de predición en traballos futuros.O desenrolo do anidoC basease na necesidade de ter 
unha ferramenta que permita a extracción dos datos de radio-densidade seleccionados e 
dun perfil de radio-desnidade para cada testemuña de dentro da grande matriz de datos 
que se obtén co CT-scan. 
 O trazo máis importante das testemuñas da GIB é a presenza dos detritos de xeo 
(IRD) depositados durante os Eventos de Heinrich (HE), que son facilmente identificábeis 
por medio do CT-scan e do anidoC como grans de alta radio-densidade sobre unha 
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matriz de lama de baixa radio-densidade. O programa anidoC permite un 
recoñecemento rápido e preciso dos IRD sen o requirimento de procesar e analisar as 
imaxes tomográficas. A comparación dos datos do CT-scan cos datos sedimentarios 
analíticos, cos marcadores para o recoñecemento dos HE e cos datos de composición das 
testemuñas permite validar o CT-scan como método sedimentario. De acordo cos datos 
obtidos, o CT-scan proponse como unha ferramenta moi valiosa para mellorar 
correlación, identificar eventos ben rexistrados e para facer unha reconstrución das 
concas sen a necesidade de abrir previamente as testemuñas. 
 
Capítulo IV: Análise dos foraminíferos planctónicos e evolución da oceanografía 
superficial da Conca Interior de Galicia durante os últimos 60 ka. 
 A Conca Interior de Galicia (GIB) é una conca estreita situada ao NW da 
Península Ibérica. Neste capítulo preséntase a análise cuantitativa e cualitativa das 
asociación de foraminíferos planctónicos de tres testemuñas localizadas no centro e nos 
lados oriental e occidental da conca. Estes análises foron completados coa reconstrución 
da temperatura da auga superficial (SST) a través da técnica de análogos modernos 
(MAT) e as medidas do δ18O and δ13C en mostras específicas de Globigerina bulloides. 
Todas as análises permiten a reconstrución da parte superficial da columna de auga para 
a GIB durante os últimos 60 ka baseándose nas semellanzas e diferenzas entre os 
dominios da GIB. Os Eventos de Heinrich (HE) caracterizan a maior parte dos rexistros, 
amosando unha alternancia entre as condicións dominantes durante os HE e as 
condición dos intervalos que non se corresponden con estes. As asociacións de 
foraminíferos planctónicos, as agrupacións das SST e o análises estatístico de factores Q 
mode permiten establecer as condicións da parte superficial da columna de auga para as 
configuracións baseadas na presenza ou non dos HE, este último dividido á súa vez na 
existencia de dúas configuración diferentes da parte superficial da columna de auga. 
Estas condicións da columna de auga poderían ser ligadas de correntes que producirían 
unha maior ou menor estratificación desta pero cun comportamento similar en ambas. 
 
Capítulo V: Reconstrución multi-indicador das SST para o NW da Península Ibérica 
durante os últimos 60 ka: descifrando o impacto estacional dos HE 
 
 Neste traballo preséntase e discútese a paleoceanografía dos últimos 60 ka na 
Conca Interior de Galicia (GIB, NW da Península Ibérica) baseada nunha análise multi-
indicador que inclúe a reconstrución (Mg/Ca e Modern Analog Technique, MAT) da 
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temperatura da auga superficial (SST), o δ18O da auga do mar (δ18Osw) e os marcadores 
dos Eventos de Heinrich (HE), especialmente dos Eventos de Heinrich 1 (H1) e 4 (H4) 
como os máis fortes rexistrados na rexión de estudo. O rexistro da Mg/Ca-SST no 
foraminífero planctónico Globigerina bulloides da GIB interpretase como un reflexo 
maioritario das condición de afloramento ou da estación fría namentres que o MAT-SST 
da GIB e os datos de Uk’37-SST publicados acércanse máis a un reflexo da temperatura 
anual. A comparación dos datos de Mg/Ca-SST obtidos para a GIB cos datos de Mg/Ca-
SST publicados para o SW da Península Ibérica mostra un paralelismo extraordinario que 
indica un impacto común para a marxe ibérica dos cambios climáticos e oceanográficos 
máis significativos. A análise detallada multi-indicadores do H1 e do H4 reflexa diferenzas 
entre ámbolos dous. Durante o H1 o período de calcificación de G. bulloides aconteceu 
durante a estación máis cálida, cerca do seu límite de tolerancia termal, aínda que as 
condicións eran extremadamente frías. Este feito revela un forte impacto oceanográfico 
ligado á chegada de icebergs e á invasión de augas polares ao longo de todo o ano. Polo 
contrario, o arrefriamento do H4 débese á chegada de dous eventos masivos de fusión 
de icebergs. A menor abundancia de G. bulloides durante o H1 con respecto ao H4 suxire 
que o arrefriamento durante o H4 non foi tan extremo como durante o H1. Aínda que o 
reconto de IRD durante o H4 indica fusión de icebergs e SST frías, apoiadas tamén pola 
reconstrución extraída das MAT, o Mg/Ca suxire unha estación máis cálida para a 
calcificación de G. bulloides na que non se daría a estratificación da superficie debida á 
fusión de icebergs. 
 
Capítulo VI: Síntese e conclusións. 
 Neste capítulo preséntase unha síntese xeral de todos os resultados obtidos e de 
todas as discusións realizadas ao longo dos capítulos anteriores xunto coas principais 
conclusións extraídas do traballo. Esta síntese preséntase dividida nos dous eixos do 
traballo (1) a achega metodolóxica que constitúe o uso do CT-scan e (2) a evolución da 
Conca Interior de Galicia dende os diferentes aspectos dos que consta, como son o 
recheo sedimentario, a evolución da columna de auga, os cambios na circulación 
superficial e as súas implicacións nas especies de foraminíferos planctónicos e o 
significado dos marcadores utilizados. 
 
Anexo I: Instrucións e modo de uso do anidoC 
 Neste anexo faise unha presentación e encadre do programa anidoC dentro do 
estudo da Conca Interior de Galicia así como das principais características de uso e 
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técnicas do programa. O texto que aquí se presenta é o manual que foi remitido xunto co 
programa para a súa inscrición no rexistro da propiedade intelectual. 
 
Anexo II: Características de rexistro e código de programación do anidoC  
 Presentación das características técnicas do propio rexistro do programa así 
como a súa autoría e titularidade. Inclúense aquí os códigos de programación do 
programa para liberalizar o seu uso e distribución. 
 
 
 Seguindo esta presentación de traballo e dado que o núcleo central do 
desenrolo da tese inclúe e versa sobre metodoloxías de estudo máis ou menos 
diferenciadas, considerouse máis correcto o establecer para cada capítulo unha 
estrutura con forma de artigo científico estándar, xa que cada un dos catro puntos 
principais de discusión (Capítulo II, Capítulo III, Capítulo IV e Capítulo V) representan un 
tema diferenciado dos anteriores, aínda que intimamente relacionados e dirixidos ao 
mesmos obxectivos xerais. Asín, para cada un destes capítulos especifícase a 
metodoloxía utilizada, os resultados obtidos e a discusión detallada e xeral destes. Deste 
xeito, e co ánimo de facilitar unha visión en conxunto do proxecto e tal e como se 
establece na normativa, preséntase o capítulo de síntese e conclusións conxuntas. 
Seguindo co esquema presentado para os capítulos, en forma de artigos convencionais, 
establecese tamén unha listaxe de referencias bibliográficas individual para cada 
capítulo. Aínda que deste xeito algunha das referencias figure repetida, facilítase a 
lectura do traballo e súa consulta á hora de seguir o fío argumental. 
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Abstract 
 
 
 The climatic changes study during the Quaternary in marine records is reaching, 
in the last years, a significant development and is achieving very good results which 
allow to obtain an accurate knowledge about the climate system running and the 
oceanographic evolution of the Earth in the last tens of thousands of years. 
 In the research group XM-1, Oceanografía xeolóxica e bioxeoquímica of the 
Departamento de Xeociencias Mariñas e O.T. from the Universidade de Vigo, during the 
last years, were developing a detailed multi-topic analysis of the climatic and 
oceanographic evolution of the rias, continental shelf and continental slope of the NW 
Iberian Peninsula. This Thesis represents a new contribution in this way and amplifies 
the study area beyond the continental slope with the new data from the Galicia Interior 
Basin (GIB), poorly studied until now. The development of these studies is based on 
marine record from the different sedimentary environments of the Galicia continental 
margin, specially the Atlantic margin. 
 This Thesis focus on the study of the abrupt climatic changes occurred during 
the past 60000 years and in their processes and products. The general objective of this 
Thesis is addressed to explain the abrupt climatic changes recorded from Galicia Interior 
Basin during the past 60000 years by means of a multi-proxy approach including 
sedimentary, oceanographic and climatic approaches. The study of abrupt climatic 
changes plays an important role due to their similarity with the current Climate Change 
that the Earth climatic system is experimenting. This study is specially focused in the 
Heinrich Events (HE), the more significant abrupt climatic changes occurred during the 
last glaciation and showing a clear signal in the Galicia margin attending to the 
oceanography and sediment features.  
 This study is made following the new trend in the sedimentary record analyses 
based on the use of different proxies, in this case, chemical, physical and 
micropaleontological, in the same records. In the central chapters of this Thesis methods 
used in this study will be shown and explained. These methods, taking into account news 
in the studies of marine sedimentary records, combine the use of classical methods, as 
the planktonic foraminifera assemblages or the physical and chemical properties of the 
sediment, with new trace elements studies in the shells of the planktonic foraminifera. 
Besides, this thesis shows a novel method, the use of the Computed Tomography (CT) in 
the study of marine records. 
 16 
 Taking in mind the described multidisciplinary approach to the 
paleoceanography of the Galicia Interior Basin during the past 60000 years, the main 
specific objectives of this Thesis are:  
 
-Characterization of the sedimentary records and filling of the Galicia Interior Basin. 
-To establish a chronoestratighraphy frame for the Galicia Interior Margin 
-Characterization of the sedimentary environments and processes occurred during the 
past 60000 years. 
-Analysis of the planktonic foraminifera species recorded in the Galicia Interior Margin 
and characterization of their assemblages. 
-Identification, description and characterization of the climate changes which affected to 
the Galicia Interior Basin during the past 60000 years. This study is focused on the 
abrupt climate changes and their effects in the oceanography of the study area. 
-Estimation of the sea surface temperature using different methods (transference 
equations, oxygen isotopes, trace elements) and comparison of these results with other 
sea surface temperature records from the Iberian margin, establishing a global climatic 
evolution for the Galicia Interior Basin. 
-Development and application of the Computed Tomography in sedimentary records of 
the Galicia margin as a new sedimentological method. 
-Establishment of a protocol of Computed Tomography use. 
-Design and development of specific software to optimize the study of the records using 
Computed Tomography. 
-Discussion of the integral paleoceanographic and paleoclimatic evolution of the Galicia 
margin during the last climatic cycle. 
 
 Attending to these objectives and the developed research, the Thesis is 
structured according the following schema: 
 
Chapter I: Introduction 
 The chapter includes a summary and description of the study area from 
geologic, climatic and oceanographic point of view. The aim of this chapter is addressed 
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to depict the global and regional oceanographic and climatic contexts related to the 
study area and time considered. 
 
Chapter II: Sedimentary evolution of the Galicia Interior Basin during the past 60 ka: 
Sedimentation processes and palaeoceanographic significance 
 A multi-proxy analysis for six gravity cores retrieved along an E-W transect in the 
Galicia Interior Basin (GIB; NW Iberian Peninsula) was carried out with the aim of 
reconstructing the sedimentary, palaeoceanographic and palaeoclimatologic evolution at 
the Galicia Atlantic Margin during the last 60 ka. Sedimentation rates are higher during 
the glacial period than in the Holocene, especially during extreme cold episodes 
(Heinrich Events). Besides high sedimentation rates, glacial periods were dominated by 
along-slope currents in the eastern part of the Galician Interior Basin that favoured the 
building up of contourite bodies in the slope, and the pelagic and hemipelagic 
sedimentation took place in the central parts of the basin. Lower sedimentation rates 
characterized the Holocene. Variations in sedimentation rates result from an interaction 
between a) sedimentary processes that affected to GIB (contouritic, turbiditic and 
pelagic/hemipelagic sedimentation), and b) variable sediment supply to the basin due, 
mainly, to sea level oscillations that affected to shallow areas such as the Galicia Bank 
and the Galicia continental shelf. In general, the changes in the sedimentary processes 
that concerned the basin were controlled by the evolution of the oceanography. Heinrich 
Events (HE) are the most distinctive feature of the basin filling, and are easily identifiable 
and correlateted in the different sedimentary environments present at the GIB. The 
intensity and the range action of the HE are not uniform in the whole basin, causing 
differences that modulate the processes present in the glacial times in the GIB. 
 
Chapter III: CT-scan as a new sedimentological method: Tomographic characterization of 
the GIB and the development of anidoC as specific software. 
 The non-destructive techniques of core analysis, especially of marine cores, are 
being broadly employed for sedimentary, paleoceanographic and paleoclimate research. 
The Computer Tomography scan (CT–scan) allows acquisition of 3D and 2D images, 
according to desired planes and, thus, the identification of sedimentary structures, large 
grains and their distribution, as well as direct measurements of densities. The most 
significant contribution of this technique is the possibility of getting results without 
opening the core. In this work CT-scan data obtained for five cores from the Galicia 
Interior Basin (NW Peninsula Iberia) are presented and discussed, focussing on (1) 
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methodology of the CT-scan use, (2) tomography description of sedimentary facies 
identified in the GIB, (3) development of specific software to analyses the tomographic 
data (anidoC) and (4) comparison of tomographic data with data obtained by other 
methodologies. 
 A preliminary protocol of use of the CT-scan was developed for core study 
according to balance the higher resolution and the most manageable files obtained. 
Specific tomographic features for each facies were described in based on visual and 
numerical data to present a tomographic catalogue of the facies in the GIB, with the 
possibility of using it as a predictive tool for future studies. The development of the 
anidoC program aims to provide tool able extracting selected radio-densities from the 
whole volume of CT-scan data and of profiling the radio-density for each core. The most 
singular feature of GIB cores is the presence of Ice Rafted Debris (IRD) deposited during 
Heinrich Events (HE), which can be easily recognized using the CT-scan and this software 
by high radio-density grains immersed in a low radio-density muddy matrix. So, the 
software allows a quick and accurate recognition of the IRD radio-density without 
requiring to observe and process images. ComparingCT-scan data with analytical 
sedimentary data and HE proxies of the cores validates the CT-scan as a sedimentary 
method that provides a powerful tool to improve correlations, identify well constrained 
events and  make more accurate basin reconstructions without opening the cores. 
 
Chapter IV: Planktonic foraminifera analysis and surface oceanographic evolution of the 
Galician Interior Basin for the past 60 ka. 
 Detailed analysis of quantitative and qualitative planktonic foraminifera 
assemblages of three cores placed in the centre and in E and W extremes of the basin 
were studied. Analyses were completed with SST reconstruction using the Modern 
Analogue Technique and the monospecific Globigerina bulloides, δ18O and δ13C 
measurements. All the analyses allow the reconstruction of sea surface configuration of 
the GIB during the past 60 ka based on similarities and differences between the GIB 
domains. HE characterize the main part of the records displaying an alternation of the HE 
conditions and the no-HE conditions. The planktonic foraminifera assemblages, the SST 
grouping and the Q mode factor analysis establish sea surface conditions and 
configurations based on the presence of the HE, and the prevalence in the no-HE 
intervals. These water column conditions could be related with current states, 
characterized by how stratified the column is and productivity of waters in a similar basin 
behaviour. 
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Chapter V: Multi-proxy SST reconstruction from the NW Iberian Margin during the last 
60 ka BP: decoding the seasonal impact of the Heinrich Events 
 The paleoceanography of the past 60 ka in the Galician Interior Basin (GIB, NW 
Iberian peninsula) based on multi-proxy analysis which include Sea Surface Temperature 
(SST) reconstructions (Mg/Ca and MAT-SST), δ18Osw and HEs markers is discussed in this 
work with particular focus on Heinrich Events (HE) 1 and 4 as the strongest HE in the 
region. Mg/Ca-SST record of the planktonic foraminifera Globigerina bulloides from the 
GIB is interpreted to reflect mostly conditions of the upwelling-cold season while 
Modern Analog Technique (MAT)-SST from the GIB and published Uk’37-SST from the SW 
Iberian peninsula reflect annual mean temperatures. The comparison of obtained 
Mg/Ca-SST data for the GIB and published Mg/Ca-SST data from the SW Iberian margin 
shows an extraordinary parallelism, indicating a broad regional impact of the major 
climatic and oceanographic changes. Detailed multi-proxy analysis for H1 and H4 reveals 
relevant differences between both. During H1 local iceberg melting occurred later and 
did not correlate with the lowest SST and salinity values. This suggests that the main 
cause of the cooling and freshening was a change in surface currents rather than a local 
iceberg melting. During H1 calcification in G. bulloides occurred during “warmer” season, 
close to its thermal tolerance, although the conditions were extremely cold. This fact is 
related to a strong oceanographic impact based on icebergs discharge and polar waters 
invasion along whole year. In contrast, H4 cooling may be related to two massive events 
of local iceberg melting. The lower abundance of G. bulloides during H1 than during H4 
suggests that the cooling of H4 was not as extreme as during H1. Although IRD counts 
during H4 indicate iceberg melting and cool SST are supported by the MAT 
reconstructions, the Mg/Ca suggest a warmer season conditions for G. bulloides 
calcification without the action of surface stratification due to iceberg melting. 
 
Chapter VI: Synthesis and conclusions. 
 This chapter expounds a general synthesis and the main conclusions of the 
results and discussions obtained from each previous chapter. This synthesis is divided in 
the two principal topics of the Thesis: (1) contribution to the CT-scan method and (2) the 
evolution of the Galicia Interior Basin extracted from the sedimentary filling, the water 
column evolution andthe surface circulation changes and their implication in the 
planktonic foraminifera species and assemblages. 
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Annexe I: how to use the anidoC: instructions. 
 This annexe shows the frame of the anidoC in the Galicia Interior Basin and the 
main features of its use. The annexe corresponds to the manual that was sent together 
with the software for registration in the intellectual property list. 
 
Annexe II: Registration characteristics of anidoC and programming code. 
 This annex shows the authors, ownership and registration of technique 
characteristics of anidoC. Programming code is presented to include it as free software 
for its use and distribution. 
 
 
 Attending to the structure of the Thesis and considering the different employed 
methods, the chapters that form the core of the Thesis (Chapter II, Chapter III, Chapter 
IV and Chapter V), are presented according to a conventional scientific conventional 
paper structure. This structure was chosen due to the different topics tackled in each 
chapter, although they conserve an evident relation are focused to the same general 
objectives. Each chapter present the methods, results and discussion, but for adjusting 
to the normative, the Thesis presents a global view of the project with a general 
synthesis and conclusions. The references are included separately at the end of each 
chapter, to make easier reading and searching. 
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Presentación 
 
 
 El estudio de los cambios climáticos del Cuaternario Superior en registros 
marinos ha alcanzado en los últimos año un gran auge y unos valiosos resultados que 
nos permiten entender de un modo muy preciso como es y cómo funciona el sistema 
climático y la evolución oceanográfica que la Tierra ha experimentado en las últimas 
decenas de miles de años. 
 En el grupo de investigación XM-1, Oceanografía xeolóxica e bioxeoquímica del 
Departamento de Xeociencias Mariñas de la Universidade de Vigo, se lleva realizando en 
los últimos años un análisis detallado de la evolución del clima y de la oceanografía de 
las rías, de la plataforma continental y del talud continental del NW de la Península 
Ibérica con un enfoque multidisciplinar. Esta Tesis supone una nueva contribución a esta 
línea de trabajo y una ampliación del área de estudio más allá del límite del talud 
continental, ya que aporta nuevos datos sobre la Cuenca Interior de Galicia, 
escasamente estudiada hasta el momento. Para la realización de este estudio se están 
utilizando los registros sedimentarios marinos obtenidos en los diferentes ambientes de 
sedimentación presentes en el margen continental gallego, especialmente en el margen 
Atlántico. 
 Dentro del estudio paleoclimatológico y paleoceanográfico del margen gallego, 
más concretamente, en los estudios de los cambios climáticos abruptos durante los 
últimos 60000 años, así como sus procesos y consecuencias, se incluye este proyecto de 
Tesis de Doctoramiento. Esta Tesis tiene como objeto, por lo tanto, darle explicación 
desde el punto de vista sedimentario, climatológico y oceanográfico a estos cambios 
climáticos abruptos acontecidos desde un enfoque multi-disciplinar que permita una 
aproximación global a su entendimiento. El estudio de los cambios climáticos abruptos 
tiene una gran importancia por ser los cambios climáticos que tienen una comparación 
más directa con el actual cambio climático que el sistema terrestre está experimentando. 
Dentro de estos cambios climáticos abruptos descritos para el último ciclo glaciar, este 
trabajo se centra en los denominados Eventos de Heinrich (HE), que serían los de mayor 
entidad y los que más pegada dejaron en el margen gallego, tanto en su oceanografía 
como en los registros sedimentarios. 
 El trabajo que aquí se presenta se sirve además de la corriente que ha aparecido 
en los últimos años en el que estudio de los registros sedimentarios se está 
desarrollando a través del uso de muchas y diferentes herramientas, en este caso, 
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químicas, físicas y micropaleontológicas. Tal y como se verá en esta tesis, las diferentes 
metodologías utilizadas serán presentadas y descritas. Dentro de estas metodologías, e 
siempre teniendo en cuenta lo relativamente nuevo que es el estudio de los registros 
sedimentarios marinos, este trabajo intenta compaginar el uso de metodologías más 
clásicas como lo pueden ser el estudio de las asociaciones de foraminíferos planctónicos 
o el estudio de las propiedades físicas y químicas del sedimento, con otras más 
novedosas, como el análisis de los elementos traza presentes en las conchas de 
foraminíferos planctónicos. Además, esta Tesis intenta adquirir un carácter más 
innovador introduciendo e facilitando el uso de una metodología nueva y poco utilizada 
hasta el momento en los registros sedimentarios marinos, como lo es la Tomografía 
Computarizada (CT). 
 Basándose en las características y particularidades del margen gallego, en los 
registros sedimentarios obtenidos, en la metodología utilizada y en los cambios 
climáticos y oceanográficos sucedidos a nivel global durante los últimos 60000 años, los 
objetivos con los que se presenta este proyecto de Tesis son los siguientes: 
 
-La caracterización sedimentaria de los registros y por lo tanto del relleno sedimentario 
del margen gallego, más concretamente de la Cuenca Interior de Galicia. 
-El establecimiento de un marco cronoestratigráfico para la región de estudio. 
-La caracterización de los medios sedimentarios, las causas y procesos que tuvieron lugar 
a lo largo de los últimos 60000 años. 
-La determinación de las especies de foraminíferos planctónicos de los registros 
sedimentarios utilizados y el establecimiento y caracterización de sus asociaciones. 
-La identificación, descripción y caracterización de los cambios climáticos que afectaron a 
la zona de estudio durante los últimos 60000 años, con especial atención a los cambios 
climáticos abruptos e a sus efectos en la oceanografía de la zona de estudio. 
-Estimar las temperaturas del agua superficial mediante el uso de diferente metodología 
(Ecuaciones de transferencia, isótopos de oxígeno, elementos traza) y comparar los 
resultados obtenidos para el área de estudio con otros registros de temperatura del agua 
superficial del margen ibérico para establecer las características de la evolución climática 
y oceanográfica desde un enfoque más global. 
-El uso y desarrollo de la Tomografía Computarizada en los registros del margen gallego 
como nueva metodología sedimentológica así como el establecimiento de un protocolo 
de estudio para su utilización. 
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-El diseño y desarrollo de programas informáticos para la optimización del estudio de los 
registros sedimentarios usando la Tomografía Computarizada. 
-Interpretar de una forma integral la evolución paleoceanográfica y paleoclimática del 
margen gallego durante el último ciclo climático. 
 
 Conforme lo dicho anteriormente y al trabajo desarrollado durante el tiempo 
dedicado a este proyecto, la estructura de la Tesis queda por lo tanto establecida de la 
siguiente forma: 
 
Capítulo I: Introducción. 
 Resumen y descripción preliminar del área de estudio desde un punto de vista 
geológico, climático y oceanográfico para contextualizar el trabajo dentro del marco 
climático y oceanográfico global. También se recogen en este capítulo consideraciones 
previas tanto de trabajos genéricos sobre la evolución climática y oceanográfica global 
como de trabajos más locales. 
 
Capítulo II: Evolución sedimentaria de la Cuenca Interior de Galicia durante los últimos 
60 ka: Procesos sedimentarios e implicaciones paleoceanográficas. 
 En este capítulo se presenta el análisis multi-indicador de seis testigos de 
gravedad obtenidos en una línea E-W a través de la Cuenca Interior de Galicia (GIB; NW 
de la Península Ibérica). Este trabajo tiene como objetivo la reconstrucción de la 
evolución sedimentaria, paleoceanográfica y paleoclimática del margen atlántico gallego 
durante los últimos 60 ka. Las tasas de sedimentación durante los periodos glaciales 
fueron mayores, especialmente durante los eventos de enfriamiento extremo (Eventos 
de Heinrich) que durante el Holoceno. Los periodos glaciales estuvieron dominados por 
tasas de sedimentación muy altas y por corriente a lo largo del talud en la parte este de 
la Cuenca Interior de Galicia, lo que permitió el crecimiento de un cuerpo contornítico en 
esta zona mientras en las partes centrales y occidentales de la cuenca estaba dominada 
por sedimentación pelágica y hemipelágica. El Holoceno se caracteriza por una tasa de 
sedimentación muy baja. Los cambios en las tasas de sedimentación son el resultado de 
la relación entre a) los procesos de acumulación sedimentaria que tuvieron lugar en la 
Cuenca Interior de Galicia (contorníticos, turbidíticos y pelágicos/hemipelágicos) y b) la 
variación en el aporte sedimentario hacia la cuenca, debido sobre todo a las variaciones 
en el nivel del mar que afectaría sobre todo a las áreas más elevadas, como el Banco de 
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Galicia y la plataforma continental. En general, los cambios en los procesos 
sedimentarios que afectan a la cuenca están asociados a cambios en la evolución de la 
oceanografía. Los Eventos de Heinrich (HE) son el rasgo más importante del relleno de la 
cuenca, y son fácilmente identificables en los diferentes ambientes sedimentarios 
presentes en la GIB. La intensidad y la acción de los HE a lo largo de la cuenca no fue 
uniforme y tuvo diferencias palpables que afectaron y modularon los procesos durante 
los periodos glaciales el área de estudio. 
 
Capítulo III: El CT-scan como un nuevo método sedimentológico: Caracterización 
tomográfica de la Cuenca Interior de Galicia e el desarrollo del anidoC como un 
programa informático específico. 
 Las técnicas no destructivas de análisis de testigos, especialmente de testigos 
marinos, están siendo muy utilizadas para las investigaciones sedimentarias, 
paleoceanográficas y paleoclimáticas. El escáner por medio de la Tomografía 
Computarizada (CT-scan) permite obtener imágenes en 2D y 3D de acuerdo con los 
planos de corte deseados. Este hecho permite la identificación de estructuras 
sedimentarias, los granos de sedimento más grandes y su distribución, y la medición 
directa de las densidades. La aportación más importante de esta técnica reside en la 
posibilidad de tomar todas las medidas sin la necesidad de abrir previamente el testigo. 
En este trabajo se presentan y discuten los datos de CT-scan obtenidos de cinco testigos 
recogidos de la Cuenca Interior de Galicia (NW de la Península Ibérica). El trabajo está 
dividido en cuatro temas relacionados con el uso del CT-scan como método 
propiamente, la descripción tomográfica de las facies sedimentarias identificadas para la 
GIB, el desarrollo de programas específicos para el análisis de los datos tomográficos 
(anidoC) y la comparación de estos datos tomográficos con otros datos obtenidos a 
partir de otra metodología. 
 El protocolo preliminar de uso del CT-scan que se desarrolló para el estudio de 
los testigos de la GIB se basa en el establecimiento de un equilibrio entre la obtención de 
datos a la mayor resolución posible y la manejabilidad de los archivos resultantes. La 
características tomográficas específicas para cada facies fueron descritas usando tanto 
los datos visuales como numéricos, intentando establecer un catálogo tomográfico de las 
facies presentes en la GIB. De la misma manera, este catálogo se podría utilizar como 
una herramienta de predicción en trabajos futuros. El desarrollo del anidoC se basa en la 
necesidad de tener una herramienta que permita la extracción de los datos de radio-
densidad seleccionados y de un perfil de radio-densidad para cada testigo de dentro de 
la gran matriz de datos que se obtienen con el CT-scan. 
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 El rasgo más importante de los testigos de la GIB es la presencia de los detritos 
de hielo (IRD) depositados durante los Eventos de Heinrich (HE), que son fácilmente 
identificables por medio del CT-scan y del anidoC como granos de alta radio-densidad 
sobre una matriz de fango de baja radio-densidad. El programa anidoC permite un 
reconocimiento rápido y preciso de los IRD sin el requerimiento de procesar y analizar 
las imágenes tomográficas. La comparación de los datos del CT-scan con los datos 
sedimentarios analíticos, con los marcadores para el reconocimiento de los HE y con los 
datos de composición de los testigos, permite validar el CT-scan como método 
sedimentario. De acuerdo con los datos obtenidos, el CT-scan se propone como una 
herramienta muy valiosa para mejorar la correlación, identificar eventos bien registrados 
y para hacer reconstrucciones de las cuencas sin la necesidad de abrir previamente los 
testigos. 
 
Capítulo IV: Análisis de los foraminíferos planctónicos e de la evolución de la 
oceanografía superficial de la Cuenca Interior de Galicia durante los últimos 60 ka. 
 La Cuenca Interior de Galicia (GIB) es una cuenca estrecha situada en el NW de la 
Península Ibérica. En este capítulo se presenta el análisis cuantitativo y cualitativo de las 
asociaciones de foraminíferos planctónicos de tres testigos localizados en el centro y en 
los lados oriental y occidental de la cuenca. Estos análisis fueron completados con la 
reconstrucción de la temperatura del agua superficial (SST) a través de la técnica de 
análogos modernos (MAT) y las medidas de δ18O and δ13C en muestras específicas de 
Globigerina bulloides. Todos estos análisis permiten la reconstrucción de la parte 
superficial de la columna de agua para la GIB durante los últimos 60 ka.  
 
Capítulo V: Reconstrucción multi-indicador de las SST para el NW de la Península Ibérica 
durante los últimos 60 ka: descifrando el impacto estacional de los HE. 
 En este trabajo se presenta y se discute la paleoceanografía de los últimos 60 ka 
en la Cuenca Interior de Galicia (GIB, NW de la Península Ibérica) basada en el análisis 
multi-indicador que incluye la reconstrucción (Mg/Ca y Modern Analog Technique, MAT) 
de la temperatura del agua superficial (SST), el δ18O del agua de mar (δ18Osw) y los 
marcadores de los Eventos de Heinrich (HE), especialmente de los Eventos de Heinrich 1 
(H1) y 4 (H4) como los más fuertes registrados en la región de estudio. El registro de la 
Mg/Ca-SST en el foraminífero planctónico Globigerina bulloides de la GIB se interpreta 
mayoritariamente como un reflejo de las condiciones de afloramiento, mientras que la 
MAT-SST de la GIB y los datos de Uk’37-SST publicados se acercan más a un reflejo de la 
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temperatura media anual. La comparación de los datos de Mg/Ca-SST de la GIB con los 
datos de Mg/Ca-SST para el SW de la Península Ibérica muestra un paralelismo 
extraordinario que indica un impacto común para la margen ibérica de los cambios 
climáticos más significativos. El análisis detallado de los multi-indicadores para el H1 y el 
H4 reflejan diferencias entre ellos. Durante el H1, el período de calcificación de G. 
bulloides ocurriría durante la estación más cálida, cerca de su límite termal de tolerancia, 
aunque las condiciones eran extremadamente frías. Este hecho revela un fuerte impacto 
oceanográfico ligado a la llegada de icebergs y a la invasión de aguas polares a lo largo 
de todo el año. Contrariamente, el enfriamiento del H4 se debe a la llegada de dos 
eventos masivos de fusión de icebergs. La menor abundancia de G. bulloides durante el 
H1 con respecto al H4 sugiere que el enfriamiento durante el H4 no fue tan extremo 
como en el H1. Esto sucede a pesar que el recuente de IRD durante el H4 indica fusión 
de icebergs y SST frías, apoyadas también por la reconstrucción extraída del MAT, 
mientras que el Mg/Ca sugiere una estación más cálida para la calcificación de G. 
bulloides en la que no se daría la estratificación de la superficie debida a la fusión de los 
icebergs. 
 
Capítulo VI: Síntesis y conclusiones. 
 En este capítulo se presenta una síntesis general de todos los resultados 
obtenidos y de todas las discusiones realizadas a lo largo de los capítulos anteriores 
junto con las principales conclusiones extraídas del trabajo. Esta síntesis se presenta en 
dos ejes de trabajo (1) la aportación metodológica que constituye el uso del CT-scan y (2) 
la evolución de la Cuenca Interior de Galicia desde diferentes aspectos, el rellenos 
sedimentario, la evolución de la columna de agua e los cambios en la circulación 
superficial y sus implicaciones en las especies de foraminíferos planctónicos y en el 
significado de los marcadores utilizados. 
 
Anexo I: Instrucciones y modo de uso del anidoC 
 En este anexo se hace una presentación y un encuadre del programa anidoC 
dentro del estudio de la Cuenca Interior de Galicia así como de las principales 
características de uso y técnicas del programa. El texto que aquí se presenta es el manual 
que fue remitido junto con el programa para su inscripción en el registro de la propiedad 
intelectual. 
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Anexo II: Características de registro y código de programación del anidoC 
 Presentación de las características técnicas del propio registro del programa así 
como su autoría y titularidad. Se incluye aquí el código de programación del programa 
para liberalizar su uso y distribución. 
 
 
 Siguiendo esta estructura de trabajo y dado que el núcleo central de desarrollo 
de la tesis incluye y versa sobre metodologías de estudios más o menos diferenciadas, se 
ha considerado más correcto el establecer para cada capítulo una estructura en forma de 
artículo científico estándar, ya que cada uno de los cuatro capítulos principales de 
discusión (Capítulo II, Capítulo III, Capítulo IV, Capítulo V) representan un tema 
diferenciado de los anteriores, aún que íntimamente relacionados y dirigidos a los 
mismos objetivos generales. Así, para cada uno de estos capítulos se especifica la 
metodología utilizada, los resultados obtenidos y la discusión detallada y general de 
estos. De esta manera, y con el ánimo de facilitar una visión en conjunto del proyecto tal 
y como se establece en la normativa, se presenta un capítulo de síntesis y conclusiones 
conjuntas. Siguiendo con el esquema presentado para los capítulos en forma de artículos 
convencionales, se establece una lista de referencias bibliográficas individual para cada 
capítulo. Aún que de esta manera alguna de las referencias figure repetida, se facilita la 
lectura del trabajo y su consulta a la hora de seguir el hilo argumental. 
 
 
 
 
  
 
 
 
 
 
Chapter I 
 
Introduction 
 
 
 
 
 
 
 
 
 
Chapter I 
31 
 
 
Introduction 
 
 
 
 
 
 
1.1 Localización e contexto xeolóxico 
A marxe galega, e dentro dela, a Bacía ou Conca Interior de Galicia (GIB: Galicia 
Interior Basin), tamén chamada Val de Valle-Inclán (Vanney et al., 1979), atópase 
localizada no NW da Península Ibérica (Fig. 1.1). A Conca Interior de Galicia é tomada 
neste estudo como lugar de estudo para a evolución paleoceanográfica e 
paleoclimatolóxica do NW da Península Ibérica. Esta conca está localizada entre o 
Talude Continental e o promontorio submarino denominado Banco de Galicia. A marxe 
galega está formada por cinco dominios fisiográficos principais identificados e 
caracterizados como (Boillot et al., 1975; Martín-Serrano et al., 2005; Vázquez et al., 
2008): 1) a Plataforma Continental cunha extensión de entre 15 e 35 km de largo e unha 
profundidade no seu borde duns 130 m; 2) o Talude Continental, estendéndose dende 
os 3000 aos 4000 m de profundidade segundo a área da marxe e que ten un largo entre 
os 22 e 45 km; 3) a Conca Interior de Galicia cuns 100 km de largo e cunhas 
profundidades que van entre os 3000 e 4000 m; 4) o Ascenso Continental, con 
profundidades por debaixo dos 4000 m, chegando a acadar os 5300 m onde se atoparían 
as Chairas Abisais de Biscaia e de Iberia; 5) o Banco de Galicia, que sería o máis 
importante dos altos estruturais que caracterizan a marxe galega, e que chega a acadar 
na súa profundidade mínima os 700 m. 
A Conca Interior de Galicia, correspondente á marxe galega en contacto co 
océano Atlántico, responde polo tanto á particularidade de que o Talude Continental 
non remate nunha chaira abisal, se non que continúe formando unha conca 
individualizada que se estende cara o Banco de Galicia. Deste xeito, esta conca queda 
limita cara o Este polo talude, ao Oeste polo flanco oriental do Banco de Galicia. Cara o 
Norte e cara o Sur a Conca Interior de Galicia vai acadando maior profundidade para 
enlazar coas chairas abisais de Biscaia e Iberia respectivamente, sen que cheguen a 
existir uns límites ben definidos e claros, xa que estes vanse perdendo a medida que se 
perde o releve do Banco de Galicia, deixando nestes extremos nun ascenso continental 
que chega a profundidades próximas aos 5300 m (Fig. 1.1). Esta conca presenta polo 
tanto unha morfoloxía de canle (Fig. 1.1) pola cal e tal como se explicará no apartado de 
hidrografía, circulan e desprázanse lonxitudinalmente as masas de auga que conforman 
a columna de auga da marxe galega. 
Introduction 
32 
Como apuntamento, e a xeito de caracterización xeolóxica, a marxe galega onde 
se atopa a Conca Interior de Galicia, é unha marxe morfoloxicamente complexa que se 
formou como resultado de dous estadios de rifting acontecidos durante o Cretácico 
entre a placa Europea e de América do Norte e durante o Cenozoico debido á colisión 
entre as placas de Ibérica e Europa. 
 
Figure 1.1: Galicia Margin location respect to the Iberian Peninsula with the name of the principal 
physiographic provinces. The Galicia Interior Basin specific position is represented with the pointed area. 
1.2 Climatoloxía e Oceanografía 
1.2.1 Atmosfera actual 
A circulación e distribución das masas de aire na Terra están controladas 
principalmente polos cambios na súa densidade debido ao quecemento e arrefriamento 
de estas, dependendo das latitudes nas que se atopen e pola rotación terrestres que 
modifica a dirección dos ventos seguindo a aceleración de Coriolis. 
Dentro do Atlántico Norte existen dous xiros principais que conflúen nas 
latitudes máis alta do Hemisferio Norte, o xiro subrtropical e o xiro subpolar. Esta 
converxencia determina a posición do Fronte Polar, que varía seguindo as variación 
estacionais segundo a magnitude e extensión destes xiros que a forman. As variacións 
do fronte teñen grandes consecuencias no clima das latitudes medias, xa que determina 
a posición e distribución das masas de ar cálidas e frías nas diferentes épocas do ano. 
Sendo o Atlántico Norte, tal e como se verá na parte da oceanografía dentro  
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Figure 1.2: Atmospheric scenarios to the positive (a) and negative (b) NAO. Modified from Bernárdez et al. 
(2008). 
deste capítulo primeiro, unha das áreas clave e máis sensíbeis dentro da circulación 
termohalina global, calquera tipo de flutuación, modulación ou cambio na circulación 
atmosférica que teña lugar sobre esta área, levará asociados cambios importante no 
clima e na oceanografía. Estes cambios a través das interconexións oceanográficas e 
atmosféricas terían a través desta área, unha resposta e repercusión global. O sistema 
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atmosférico do Atlántico Norte está dominado pola existencia de dous grandes sistemas 
de presións, o sistema borrasca de Islandia e o anticiclón das Azores. Ámbolos dous 
sistemas atmosféricos dominan a circulación superficial no Atlántico Norte, e son 
dependentes de cambios cunha recorrencia anual ou decenal que se coñece como 
Oscilación do Atlántico Norte (North Atlantci Oscillation, NAO). A variabilidade desta 
oscilación expresase mediante o índice NAO, que basicamente mide a diferenza de 
presións entre ámbolos dous sistemas considerando a mínima presión da borrasca de 
Islandia e a máxima do anticiclón das Azores. Aínda que hai diferentes xeitos de 
calculalo unha das máis comúns é usando a diferenza de presións entres as estacións 
meteorolóxicas de Lisboa e a de Rejkiavik. Se esta diferenza é positiva fálase de fases 
positivas da oscilación (NAO+). Pola contra, as diferenzas de presións negativas falan 
dun escenario de NAO negativa (NAO-; Fig. 1.2). 
Ao longo das fases positivas da NAO, o anticiclón das Azores está fortalecido, os 
ventos do Oeste na marxe galega aumentan e propician que a corrente do Golfo chegue 
até latitudes máis altas en Europa. Ademais chegan á costa a través do Atlántico masas 
de ar cargadas de humidade que dan lugar a veráns frescos e invernos suaves. Neste 
escenario meteorolóxico, para a área onde se encontra a Conca Interior de Galicia, son 
moi frecuentes os episodios de chuvias e o contraste estacional fica reducido. De igual 
xeito, ao longo dos episodios de NAO-, estes ventos do Oeste non son tan activos e 
producen que a diferenza estacional sexa moito máis acentuada e exista un clima máis 
seco e árido sobre Europa. 
Dun xeito análogo ás variacións anuais e decenais, os cambios climáticos cunha 
frecuencia maior (secular e milenaria) modificaron a posición destes dous sistemas de 
presións que gobernan o clima e a hidrografía da área de estudo. 
 
1.2.2 Oceanografía superficial actual 
A circulación oceánica superficial atópase intimamente ligada á circulación 
atmosférica, con grandes xiros que coinciden cos grandes xiros atmosféricos no centro 
dos océanos (Fig. 1.3). A fronte Polar atmosférica ten o seu correspondente mariño na 
forma dunha fronte hidrográfica que se define como a área onde conflúen o ramal 
cálido da corrente do Golfo, que se dirixe cara o Norte, e as masas de auga superficiais 
polares moito máis frías (Zhan, 1994). 
A circulación atmosférica atópase identificada como unha das principais causas 
da modulación da circulación superficial da columna de auga, a través dos ventos e dos 
xiros ciclónicos e anticiclónicos. A acción da atmosfera sobre a columna de auga pode 
chegar a facerse sentir nas zonas máis profundas da propia columna de auga, polo que a 
súa descrición e estudo é totalmente fundamental para o entendemento da circulación 
oceanográfica superficial e para a acción que mediante diversos mecanismos, como 
poden ser o afloramento e afundimento, pode chegar a ter sobre a circulación oceánica 
profunda e polo tanto na circulación termohalina (Fig. 1.4). 
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Figure 1.3: Schematic surface oceanographic circulation of the North Atlantic. The dominant currents are 
represented in this plot. These currents were divided between warm (grey) and cold (black). The principal 
currents are: LC, Labrador Current; EGC, Eastern Greenland Current; NC, Norway Current; NAC, North 
Atlantic Current; GS, Gulf Stream; PC, Portugal Current; CC, Canary Current; GC, Guinea Current; NED, 
North Equatorial current; SEC, South Equatorial Current; AC, Antilhas Current. Plot extracted from 
Bartholomew (1973). 
Dentro do Atlántico Norte (Fig. 1.3), o xiro oceánico que coincide co xiro 
atmosférico está dominado pola corrente do Golfo, que transporta e move unha grande 
cantidade de calor dende a parte occidental do océano até as costas europeas. Este feito 
propicia a existencia dun clima relativamente cálido na parte oriental do océano 
Atlántico, e determina en grande medida a dinámica oceanográfica superficial da marxe 
Ibérica bañada por este océano. 
Máis localmente, na área de traballo (Fig. 1.5), a masa de auga máis superficial 
(0-400 m de profundidade) é a Auga Central do Este do Atlántico Norte (Eastern North 
Atlantic Central Water, ENACW), que comprende todas as augas centrais formadas ao 
Este da dorsal do centro do Atlántico. A ENACW non se trata dunha masa de auga 
uniforme, se non que consta dunha mestura de augas cunha orixe diversa debido á 
ampla zona onde se forman, comprendendo zonas climáticas diferentes. Na área de 
estudo diferéncianse dous brazos ou ramais da ENACW que converxen na marxe galega, 
pero que proceden de zonas de formación distantes e independentes entre si (Fraga et 
al., 1982). Un destes brazos está formado por unha auga máis cálida e salgada de orixe 
subtropical que se denomina como ENACWst, orixinada na área da fronte das Azores 
(Rios et al., 1992a), a uns 35 °N mediante a evaporación típica dos meses de verán nesta 
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zona e o posterior arrefriamento durante o inverno (Fiúza, 1984). O outro brazo que 
forma a fronte na marxe galega é de orixe subpolar e aporta augas menos salgadas e 
máis frías denominadas baixo o nome ENACWsp. Esta masa de auga fórmase ao norte 
dos 46 °N debido ao arrefriamento invernal e posterior convección profunda (Paillet e 
Arhan, 1996). 
 
Figure 1.4: Global thermohaline circulation extracted from Rahmstorf (2002). Rounded areas are identified 
with the water sinking areas and the zones of deep water masses formation. 
Ámbalas dúas masas de auga vanse desprazando e movendo dende o seu lugar 
de formación seguindo traxectorias opostas. Namentres a ENACWsp viaxa cara o Sur, a 
ENACWst cara o Norte seguindo a corrente das Azores (Fig. 1.5), polo que se produce a 
xa nomeada converxencia dos dous ramais enfronte das costas galegas, dando lugar á 
fronte hidrográfica subsuperficial que recibe o nome de fronte de Fisterra, xa que aínda 
que sendo unha fronte móbil foi descrita nas proximidades deste cabo (Fraga, 1987; Rios 
et al., 1992b). A posición concreta desta fronte é moi variábel, e está sometida a unha 
dinámica estacional dependente das condicións climáticas a diferentes escalas 
temporais. 
A dinámica e oceanografía superficial da ENACW na marxe galega está dominada 
pola corrente de Portugal (PC; Fig. 1.5; Saunders, 1982). A PC é unha corrente lenta que 
forma parte dun sistema máis amplo de correntes que forman parte do xiro subtropical 
do Atlántico Norte. A PC é unha continuación da corrente do Atlántico Norte (North 
Atlantic Drift), polo que constitúe a rama orienta deste citado xiro, que ao longo da súa 
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viaxe cara o Sur chegase a introducir no mar Mediterráneo e tamén se une coa corrente 
de Madeira para formar a corrente das Canarias (Herrera, 2008). 
Entre a PC e a costa atópanse unha serie de correntes cunha dirección e 
magnitude cun marcado carácter estacional que veñen determinadas pola iteración dos 
dous grandes sistemas atmosféricos xa descritos (Fiúza et al., 1982; Vitorino et al., 
2002). A posición destes sistema de presións varía dependendo da época do ano, 
pasando un ou outro a dominar os ventos que sopran sobre a marxe galega. Durante o 
verán, o anticiclón das Azores sitúase sobre a marxe galega, nunha posición que 
favorece os ventos do Norte e que potencian a Corrente Costeira de Portugal (Portugal 
Coastal Current, PCC). Esta corrente emprázase na vertical da Conca Interior de Galicia e 
desprázase cara o Sur por mor dos citados ventos de compoñente Norte (Álvarez-
Salgado et al., 2003). Ademais, producen tamén o afloramento estival característico da 
marxe galega, que leva augas frías e cargadas en nutrientes esenciais. Se esta situación 
de afloramento acada intensidades elevadas e/ou mantense prolongado no tempo, 
pode chegar a producirse o afloramento da ENACWsp (Varela et al., 2005; Relvas et al., 
2007). 
Contrariamente, durante o inverno a borrasca de Islandia atópase intensificada, 
o que fai chegar ás costas da marxe galega ventos procedentes do Suroeste. Con estes 
ventos dominantes sobre a marxe galega, poténciase a Corrente Ibérica cara o polo 
(Iberian Poleward Current, IPC) e teñen lugar os procesos de afundimento de augas. A 
IPC é unha corrente de auga cuasi-xeostrófica que viaxa cara o Norte transportando 
augas cálidas e salgadas (Herrera, 2008). Esta corrente trátase dun fluxo de auga cara o 
polo moi típico das áreas orientais dos océanos, que se contrapón ás correntes con orixe 
nas áreas orientais dos océanos e ás correntes cara o sur producidas polos xiros 
subtropicais e ás correntes cara o sur producidas polo afloramento (Herrera, 2008). O 
mecanismo ou o modo no que se orixina é o gradiente meridional de densidade, o que 
fai que durante o verán está corrente atópese debilitada e que se restrinxa a zonas máis 
profundas da columna de auga, e ademais, que se desprace cara mar a dentro por mor 
do afloramento da ENACWsp. Durante o inverno a IPC atópase intensificada, faise máis 
superficial e desprázase cara o Este, bañando o talude superior e a plataforma 
continental occidental de Galicia. A IPC presenta unha extensión variábel, dependente 
da época do ano, entre 25 e 40 km de largo e que chega a acadar os 200 m de 
profundidade (Frouin et al., 1990). A IPC acada velocidades duns 10-30 cm s-1 e 
transporta uns caudais duns 0.3-0.5 Sv (Frouin et al., 1990, Huthnance et al., 2002). Esta 
corrente non se restrinxe só á marxe occidental galega, se non que dobra o cabo de 
Fisterra pra dirixirse á marxe cantábrica mantendo nesta viaxe a súa vorticidade 
potencial (Frouin et al., 1990). 
Ademais das correntes estacionais descritas, PCC e IPC (Fig. 1.5), na área máis 
próxima á costa e nas rías que forman a costa da marxe atlántica galega, existe a 
presenza da Pluma Flotante do Oeste Ibérico (Western Iberian Buoyant Plume, WIBP). 
Esta masa de auga orixínase pola descarga de augas continentais, sobre todo 
procedentes da desembocadura do río Miño, e que tamén se despraza cara o Norte, con 
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maior intensidade durante as estación de precipitacións máis intensas, xeralmente, o 
inverno (Peliz et al., 2002). 
 
Figure 1.5: Schematic surface and deep oceanographic circulation in the Galicia Margin. The slice that 
represent the deep scheme was extracted from the core transect position, then, only the water masses 
present in the Galicia Interior Basin appear. 
Este modelo estacional que se vén de describir afecta tamén á posición da 
fronte de Fisterra (Fig. 1.5) ao longo do ano. Durante as épocas de inverno, en episodios 
fríos, a IPC intensificada introduce augas máis cálidas con orixe subtropical cara o Norte, 
desprazando a fronte nesa mesma dirección. Pola contra, os ventos estivais de 
compoñente Norte producen o afloramento e favorecen o desprazamento cara o sur da 
fronte de Fisterra, permitindo que as augas de orixe subpolar cheguen a bañar a 
plataforma e incluso penetren nas rías (Ríos et al., 1992b). 
 
1.2.3 Oceanografía profunda actual 
A presenza e a definición das masas de auga atopadas na área de estudo 
encádranse, como é lóxico, dentro dos corpos que constitúen a columna de auga no 
Atlántico Norte (Táboa 1.1) e que forman parte da circulación termohalina. En xeral, na 
marxe galega, as masas de auga presentes teñen a súa orixe no Atlántico Norte e no 
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Mediterráneo (Pollard et al., 1996). Xa que as masas de auga centrais presentes na zona 
foron descritas na sección sobre a circulación superficial, e dado que son estas masas de 
auga as que forman parte do movemento das correntes superficiais descritas, nesta 
sección describiranse as características da columna auga por baixo do rango destas 
augas centrais (ENACW; Táboa 1.1). 
Xusto por debaixo destas augas centrais, a partires duns 600 metros e até 
acadar unha profundidade duns 1300 m, atópase a auga mediterránea (Mediterranean 
Water, MW; Fig. 1.5). Estas profundidades que marcan os límite da MW poden ser 
variábeis na bibliografía posto que as anomalías de temperatura e salinidade na 
columna de auga que marcan a presenza desta masa de auga na área de estudo (Fig. 
1.6) son tan significativas que a definición dos límites de mestura coas masas de auga 
superior e inferior non son doados de establecer. O núcleo central da MW si é 
facilmente recoñecíbel en calquera perfil de CTD da zona (Fig. 1. 6). Esta masa de auga 
presenta para a área de estudo un máximo de salinidade e temperatura (Táboa 1.1) 
A formación desta masa de auga dáse en tres focos principais dentro do mar 
Mediterráneo. No golfo de León e no norte do mar Adriático, os ventos dominantes, 
sobre todo durante o inverno, arrefrían e potencian a advección da auga superficial, 
feito que ten como efecto a formación de augas profundas. Na conca Levantina, o 
arrefriamento producido polos ventos rexionais non é tan intenso e por iso mesmo, 
nesta conca so sé produce a formación de augas intermedias que cruzan o 
Mediterráneo. A mestura destes tipos de auga é o que dá lugar á masa de auga 
mediterránea que sal polo estreito de Xibraltar, onde se canaliza e acelera, acadando 
caudais de 0.7-1.3 Sv e velocidades de 1 m s-1. A saída da MW polo estreito de Xibraltar 
cara o océano Atlántico é moi brusca, precipitándose a xeito de fervenza cara as áreas 
máis profundas e circulando pegada ao talude do golfo de Cádiz. 
 
Figure 1.6: TS diagram and Temperature (°C) and Salinity (ups) profiles from a CTD recorded in the Galicia 
Interior Basin (close to the GeoB 11035 site, Chapter II). In TS diagram, the black points represent water 
masses features in the study area (from Varela et al. (2005)). 
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Unha vez no Atlántico e dobrado o cabo de San Vicente, a MW, dada a súa 
densidade, estratifícase por riba da Auga Profunda do Atlántico Norte (Norht Atlantic 
Deep Water, NADW) e esténdese pola conca próxima a este estreito mediante tres 
brazos. Un destes brazos, o menos intenso, viaxa cara o Sur, outro diríxese cara o centro 
do Atlántico e o terceiro móvese cara o Norte sobre a marxe occidental da marxe 
ibérica. E este último brazo da MW a que chega á Conca Interior de Galicia, onde se 
identifican para esta masa de auga dous núcleos (Fiúza et al., 1998). O máis superficial 
será identificado como MWu e o máis profundo como MWi. Entre ambos núcleos 
atópase estratificada una mestura entre as ENACW e a MW. 
O Banco de Galicia produce na MW una nova ramificación (Mazé et al., 1997), de 
tal xeito que este promontorio é bañado por esta masa de auga tanto pola zona da 
Conca Interior de Galicia como pola vertente occidental. Unha vez que esta masa de 
auga supera o accidente topográfico que supón o Banco de Galicia, esta expándese cara 
o mar Cantábrico e cara latitudes máis setentrionais, chegando incluso até o mar de 
Noruega (Iorga e Lozier, 1999). 
 
Táboa 1.1: Masas de auga para a zona de estudo (Varela et al., 2005). 
Masas de auga Profundidade 
[m] 
Temperatura potencial 
[°C] 
Salinidade 
[ups] 
ENACWst <300 >12.5 35.7 
ENACWsp <450 11.4-12.5 35.55-35.70 
MWu ~800 11.5-11.9 36.08-36.13 
MWl ~1100 11.0-11.5 36.10-36.25 
LW 1500-300 3.4-4.0 34.90-34.95 
NADW >3000 <3.3 34.90-34.95 
LDW >3450 <3.3 34.92 
 
Despois da descrición detallada da MW dado que na Tese esta masa de auga 
terá un papel importante debido aos procesos que xera ao seu paso pola Conca Interior 
de Galicia, xusto por debaixo dela atópase estratificada a auga do mar do Labrador 
(Labrador Water, LW) que se estende até os 3000 m de profundidade (Fig. 1. 5; Fig. 1.6). 
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A pouca influencia desta masa se auga na área de estudo maniféstase coa forma dun 
mínimo de temperatura e salinidade (McCartney e Talley, 1982). Por debaixo dos 3000 
m e dependendo dos patróns de mestura que a LW ten coa parte inferior da MW, 
atoparíase unha masa de auga que sería resultado da mestura de varios compoñentes 
das augas profundas do Atlántico Norte (Fig. 1.5), como a auga do fluxo de Islancia 
Escocia (Iceland-Scotland Overflow Water, ISOW), e a NADW que chega a esta área 
cunhas características moi parecidas á LW. Ademais, e conforme aumentamos a 
profundidade, atópase unha maior influenza na columna de auga das masas de auga con 
orixe no Atlántico Sur. A masa de auga que forma a auga antártica de fondo (Antartic 
Bottom Water, AABW) penetra no Atlántico Norte a través da fractura Discovery 
(Haynes y Barton, 1990; McCartney, 1992; Van Aken, 2000) e xunto coas masas de auga 
profundas citadas anteriormente, forman a auga baixa profunda (Lower Deep Water, 
LDW). A LDW caracterízase por un fluxo de fondo cara o Norte (Paillet e Mercier, 1997; 
Van Aken, 2000). 
O desprazamento destas masas de auga dentro da zona de estudo, no tocante 
ao senso e á dirección, segue polo xeral o patrón que debería de agardarse tendo en 
conta a circulación termohalina global. En xeral, a LW ten un desprazamento cara o Sur, 
seguindo o desprazamento normal dende o seu lugar de formación no mar do Labrador 
(Van Aken, 2000; 2002), aínda que tanto os datos hidrográficos, dinámicos e 
sedimentarios indican para esta masa de auga certo movemento local cara o Norte do 
seu núcleo, baseándose na topografía da zona (Ercilla et al., 2011). Deste xeito, seguindo 
os patróns da MW e da IPC, o movemento conxunto desta zona superior da columna de 
auga seguiría claramente un fluxo xeostrófico neto cara o Norte (Mazé et al., 1997). 
 
1.3 Paleoclimatoloxía e Paleoceanografía dos últimos 60000 anos 
Os últimos 60000 anos do clima da Terra encádranse dentro dos cambios 
acontecidos durante o Pleistoceno Superior e Holoceno. Para a descrición do clima e dos 
cambios climáticos destas dúas épocas é necesario o introducir os mecanismos de 
cambios climáticos básicos que dominan e controlan o clima e as súas variacións. 
 
1.3.1 Cambios climáticos a escala orbital 
Coa excepción dos cambios climáticos que estarían ligados ás modificacións 
producidas pola acción da tectónica global os meirandes cambios climáticos que 
aconteceron na terra durante os derradeiros 2.6 Ma correspóndense cos ciclos que 
alteran os períodos glaciais e interglaciais. Estes ciclos están ligados ás oscilación 
periódicas e cuasi-periódicas da órbita terrestre na súa viaxe ao redor do sol. Estas 
variacións orbitais afectan á cantidade e á distribución da enerxía solar sobre a 
superficie terrestre (Hays et al., 1976). Seguindo este modelo, para o último millón de 
anos, os cambios climáticos terrestres estarían correlacionados cos ciclos de radiación 
solar postulados por Milutin Milanković no 1941 (Milanković, 1941). A cantidade e a 
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distribución da enerxía solar que chega á superficie terrestres está polo tanto 
intimamente ligada á orixe e ciclicidade glacial e interglacial cunhas periodicidades 
principais marcadas en frecuencias de 400000-100000 anos aos que se lles adaptarían 
periodicidades de maior frecuencia en ciclos de 41000 e 23000 anos. 
Estes tres tipos de periodicidades da órbita terrestre ao redor do sol responden 
a tres variábeis orbitais (Fig. 1.7): 
 
Excentricidade (Fig. 1.7a) 
A excentricidade describe a morfoloxía da órbita ao redor do sol, dende unha 
órbita case circular até unha máis elíptica. Cando a forma da órbita acércase a unha 
circunferencia, practicamente non existen variacións na cantidade que a Terra recibe, xa 
que en calquera punto da órbita esta atópase á mesma distancia do Sol. Sen embargo, 
conforme a excentricidade aumenta e a órbita acada formas máis elípticas, a diferenza 
de radiación entre o perihelio e o afelio tamén se incrementa. Por exemplo, na situación 
actual a distancia entre a Terra e o sol durante o afelio (verán no Hemisferio Norte) é 
dun 3% maior que no perihelio (inverno no Hemisferio Sur) e a diferenza entre a 
cantidade de insolación no perihelio con respecto ao afelio é dun 6%. En termos 
enerxéticos, a excentricidade involucra grandes cantidades de enerxía e xa que logo, 
exerce un efecto directo no clima terrestre. A excentricidade da órbita terrestre varía 
entre os seus extremos en dous rangos de frecuencia diferentes con períodos de 100000 
e 400000 anos. 
 
A oblicuidade (Fig. 1.7b) 
A oblicuidade mide a inclinación do eixo de rotación terrestre con respecto ao 
plano da elíptica. Nunha terra na que a oblicuidades fose nula non existirían as estacións 
e o día duraría o mesmo ao longo do ano. Pola contra, canto maior sexa a oblicuidade, 
maior será tamén o contraste estacional. Se ben as diferenzas de radiación entre os 
valores extremos de oblicuidade son depreciábeis, non o é como xeito de repartición da 
enerxía sobre a superficie terrestre cos diferentes ángulos de inclinación do eixo de 
rotación. Así mesmo, con oblicuidades baixas as altas latitudes reciben unha menor 
enerxía solar favorecendo o crecemento dos xeos, os cales non se funden na súa 
totalidade durante os veráns menos calorosos que ocorren baixo estas circunstancias. A 
frecuencia de variación desta variábel dáse en torno aos 41.000 anos. 
 
A precesión (Fig. 1.7c) 
A precesión é a orientación do eixo da terra con respecto ás estrelas 
consideradas como fixas (a Estrela Polar e Vega). Noutras palabras, o eixe de rotación da 
terra describe un movemento xiroscópico cunha frecuencia duns 21000-23000 anos 
como consecuencia da atracción gravitatoria exercida pola Lúa e o sol sobre unha Terra 
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que se atopa achatada nos polos. Cando o eixe terrestre apunta ao sol durante o 
perihelio a estacionalidade entre ámbolos dous hemisferios é moito máis marcada, é 
dicir, namentres que nun hemisferio o contraste estacional é moi intenso no hemisferio 
contrario a diferenza entre as estacións estaría atenuada. O hemisferio que está en 
verán durante o perihelio recibe moita maior radiación durante esta estación, pero 
tamén experimenta invernos moito máis fríos. Inversamente, o hemisferio contrario (o 
que están en inverno durante o perihelio) soporta invernos relativamente cálidos e 
veráns máis frescos. 
 
Figure 1. 7: Milanković orbital variables: a) Eccentricity; b) Obliquity; c) Precession. 
Ademais, a precesión regula en que punto da órbita teñen lugar os equinoccios e 
os solsticios. Cando os equinoccios teñen lugar no perihelio ou no afelio, ámbolos dous 
hemisferios presentan aproximadamente o mesmo contraste estacional. En definitiva, a 
precesión regula que a estacionalidade e por tanto, o reparto enerxético inter-
hemisférico estean amplificadas ou atenuadas. 
Como xa se dixo, o conxunto de combinacións entre as tres variábeis orbitais son 
as que regulan a radiación que chega á superficie terrestre pautando a variabilidades 
glacial-interglacial. Esta variabilidade está moi lonxe, dada a súa frecuencia, do ámbito 
temporal do estudo desta Tese, delimitado aos derradeiros 60000 anos. Fóra desta 
ciclicidade, a cantidade de enerxía que chegaría á área de estudo para o mes de xuño 
seguiría as pautas que se amosan na Figura 1.8. Aínda que os parámetros orbitais están 
fóra do rango temporal do estudo par ao rexistros sedimentario da Conca Interior de 
Galicia que aquí se presentan, pequena variacións na radiación recibida entre as 
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latitudes amosadas para esta Figura 1.8 poderían introducir modulacións á variación 
climática, reflectidas dentro da escala de cambios climáticos suborbitais que se explican 
a continuación. 
 
 
Figure 1.8: Insolation changes during June at the latitudes 30 ° and 60 ° N during the past 60 ka (Berger, 
1992). 
1.3.2 Cambios climáticos a escala suborbital 
A medida que se afonda no estudo do clima global, a unha escala de tempo 
menor, as teorías de Milanković non logran explicar as variacións dunha frecuencia 
maior que existen nos rexistros climáticos do último ciclo glacial (Dansgaard et al., 1993) 
e polo tanto, non terían unha relación lineal cas variacións orbitais. 
Estes cambios climáticos de escala suborbital, de maior frecuencias, foron 
atopados nos rexistros de xeo de Grenlandia, da Antártida e nos rexistros sedimentarios 
oceánicos (Dansgaard et al., 1971; Oeschger et al., 1984; Broecker et al., 1992; Bond et 
al., 1993; Grootes et al., 1993; Bond et al., 1997), e describíronse como flutuacións 
climáticas moi intensas que se repetían a esa escala suborbital de alta frecuencia. Estas 
flutuacións representan ou están asociados a cambios climáticos drásticos que teñen 
lugar en poucos anos (Bond et al., 1993) e, por ser tan bruscas, reciben o nome de 
cambios climáticos abruptos. 
Un cambio climático abrupto pode definirse como unha flutuación intensa a 
unha velocidade moi rápida comparada coa velocidades que xustifica a súa causa 
(Rahmstorf, 2001). Os mecanismos que se manexan para dar explicación e porqué a 
estes cambios climáticos son principalmente variación na circulación termohalina, 
ligados sobre todo á variación da posición da corrente do Golfo e o avance e retroceso 
da fronte Polar, e na dinámica interna dos mantos de xeo. 
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O sinal dalgún destes cambios abruptos nos sedimentos oceánicos son as 
denominadas capas de Heinrich. A existencia destas capas xa fora descuberta en 
diversos rexistros sedimentarios do Atlántico Norte (Heinrich, 1988). Nos últimos 60000 
anos foron recoñecidas un total de seis destas capas de Heinrich no rexistro 
sedimentario do Atlántico Norte (Heinrich, 1988; Bond et al., 1992; Broecker et al., 
1992; Grousset et al., 1993; Maslin et al., 1995; Cortijo, 1995; Manighetti et al., 1995; 
Elliot et al., 1999; McManus et al., 1999; etc..). As capas de Heinrich foron inicialmente 
caracterizadas por estar compostas de fragmentos líticos demasiado groseiros para ser 
transportados por correntes oceánicas ou polo vento até as áreas centrais do Atlántico. 
O único axente de transporte que sería quen de aportar este tipo de partículas 
relativamente grosas aos ambientes peláxicos do Atlántico central sería a chegada e 
fusión de icebergs a eses ambientes lonxe das marxes continentais. Os icebergs, polo 
xeral, transportan no seu seo partículas procedentes do arrastre das capas de xeo sobre 
o continente. Cando os icebergs son liberados, estes viaxan movidos polas correntes 
oceánicas superficiais que os conducen até áreas máis meridionais, máis mornas ou 
cálidas, onde se funden. Ao fundirse, estes icebergs liberan a súa carga lítica, 
depositándose estes fragmentos no leito mariño. Estes fragmentos líticos coñécense 
como Ice Rafted Debris (IRD).  
As armadas de icebergs que deron orixe ás capas de Heinrich tiñan a súa 
procedencia en Lauréntida (Bond et al., 1992; Broecker et al., 1992), da península Feno-
Escandinava e Islandia (Grousset et al., 1993, 2000; Bond e Lotti, 1995; Sánchez-Goñi et 
al., 1999; Snoeckx et al., 1999) e en menor medida, de áreas que durante o último 
período glacial estiveron cubertas de xeo, como poden ser as plataformas das illas 
Británcias e Irlanda (Scourse et al., 2000; Richter et al., 2001; Fig.1.9). Mediante o estudo 
minucioso da composición dos IRD incluso se pode chegar a coñecer o lugar de 
procedencia dos icebergs (Bond e Lotti, 1995; Grousset et al., 2000). 
No Atlántico Norte, o espesor destas capas de Heinrich varía respecto á distancia 
á fonte de emisión dos icebergs. O espesor maior atópase xusto á saída do estreito de 
Hudson por ser esta a área de saída da meirande cantidade de icebergs ao Atlántico 
Norte. Os IRD atópanse concentrados sobre todo na rexións chamada por Ruddiman 
(1977) como cinto de IRD (Fig. 1.9), que responde sobre todo ao mapa de fluxo de 
material detrítico ao Atlántico Norte durante o período do Último Máximo Glacial (Last 
Glacial Maximun, LGM). 
Por norma xeral, este material detrítico, os IRD, transportados e depositados 
pola fusión dos icebergs comprende un tamaño de gran moi pouco seleccionado, como 
é de esperar para materiais procedente da erosión glacial. O rango de tamaños vai 
dende a arxila até a grava, aínda que a meirande abundancia deste material detrítico 
atópase concentrada dentro do tamaño area. 
Ademais dos fragmentos líticos, as capas de Heinrich teñen outras 
características nos rexistros sedimentarios que permiten a súa identificación como 
eventos climáticos, e que se detallan a continuación (Baas et al., 1997): 
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• Baixa proporción na concentración de foraminíferos planctónicos (FP).  
• Dominancia da variedade polar da especie de foraminífero planctónica 
Neogloboquadrina pachyderma, caracterizada por un enrolamento sinistrorso (N. 
pachyderma (sin), que indica a expansión cara zonas máis meridionais do que sería a súa 
posición actual de augas de polares. 
• Valores baixos de salinidade e temperatura co incremento do δ18O medido en 
cunchas de foraminíferos planctónicos. 
• Diminución do δ13C na fauna do bentos (Zahn, 1997), o que evidencia unha 
redución ou unha parada na formación da NADW. 
• Altas concentracións de limonita e dolomita detríticas. 
• Unha mineraloxía de arxilas que se diferenza da propia do lugar. 
• Límites netos que indican unha rápida sedimentación dos IRD. 
• Aumento da susceptibilidade magnética no océano aberto. 
 
 
Figure 1.9: IRD accumulation areas in the North Atlantic (pointed area; Ruddiman, 1977) and their 
extension extracted from Dowdeswell et al. (1995). Figure joins information from Cacho et al. (1999), that 
represented the principal IRD origin areas of the North Atlantic, and from Grousset et al. (2001) that 
showed main iceberg flux (black arrows). 
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Da análise dos sinais enumerados previamente despréndese que a liberación de 
icebergs non trae só como consecuencia o depósito no fondo mariño do material que 
transporta, se non que pon en liza outras consecuencias de carácter biolóxico, 
oceanográfico, mineralóxico e xeoquímico. De feito, fóra das áreas de incidencia directa 
dos icebergs, que terían un límite meridional á latitude do cabo de San Vicente (Lebreiro 
et al., 1996), detéctanse sinais que poñen de manifesto arrefriamentos bruscos e a 
chegada de augas de fusión, como sucede por exemplo no golfo de Cádiz e inclusive no 
mar de Alborán (Pujol e Vergnaud-Grazzini, 1989; Cacho et al., 1999; Colmenero-Hidalgo 
et al., 2002; Pérez-Folgado et al., 2003). Tendo en conta este último apuntamento, non 
se debe de restrinxir o concepto das capas de Heinrich ao rexistro dos IRD, se non que se 
deben considerar como sinais de eventos climáticos abruptos con consecuencias globais. 
É por este motivo que no sucesivo, sempre se apuntará a estes como Eventos de 
Heinrich (HE), como é cotiá na literatura especializada recente. 
Outra das características dos HE no Atlántico Norte e que son eventos 
individualizados que comprenden períodos de tempo inferiores aos 2000 anos (Hillaire-
Marcel et al., 1994; Thomson et al., 1995) que ocorren sincrónicos, o que os fai 
marcadores cronoestratigráficos de gran valía (Khodabakhsh, 1997) e eventos de 
correlación entre diferentes rexistros. 
Ademais dos HE, a análise das testemuñas de xeo, inicialmente, e de testemuños 
oceánicos despois, revelou que durante a última glaciación producíronse tamén outras 
flutuacións climáticas non tan intensas, pero que tamén teñen un carácter abrupto. 
Estas flutuacións climáticas foron denominadas Eventos de Dansgaard-Oeschger (D-O; 
Dansgaard et al., 1993; Fig. 1.10). 
 
Figure 1.10: Abrupt climatic changes during the past 65000 years including the HE (vertical lines) and the 
GIS numbers. Data from the NGRIP ice core (NGRIP Project Members, 2004). 
Os D-O amósanse como bruscos quecementos duns 5-10 °C nun período de 
tempo moi curto, a unha escala decenal. Estes quecementos coñécense como 
Interestadiais de Grenlandia (Greenland Interstadials, GIS) dentro dos D-O. Os períodos 
Introduction 
48 
fríos entre os GIS foron chamados Estadiais de Grenlandia (Greenland Stadials, GS) e 
representan arrefriamentos progresivos a escala centenaria. É polo tanto que os eventos 
D-O son ciclos de escala submilenaria constituídos por unha fase de arrefriamento 
progresivo seguido por un súbito quecemento. 
Dende o comezo do derradeiro período glacial, vai aproximadamente 75000 
anos, foron identificados 20 destes ciclos que afectaron ao clima global. Estes posúen un 
tempo de recorrencia ao redor de 1500 ± 500 anos. Estes eventos poden aparecer 
incluso cunha frecuencia múltiple desta última, aos 3000 anos e aos 45000 anos 
aproximadamente, que é a máxima separación atopada entre dous destes ciclos 
consecutivos (Alley et al., 2001). 
Os HE e os D-O estarían ligados dun xeito íntimo (Alley, 1998) mediante un ciclo 
de menor frecuencia que agrupa os D-O, e que foron chamados ciclos de Bond (Fig. 
1.11). Estes ciclos comprenderían unha serie consecutiva de D-O progresivamente máis 
fríos, que favorecen o crecemento dos mantos de xeo do Hemisferio Norte até o seu 
colapso, producindo unha descarga masiva de icebergs. Este fenómeno sería o que daría 
lugar aos HE e á culminación do ciclo a través dun quecemento brusco. A recorrencia 
dos ciclos de Bond é moi irregular, aínda que se lle pode atribuír unha frecuencia media 
duns 6000 anos (Fig. 1. 10). A separación no rexistro dos HE é moi inconstante e non 
responde minuciosamente a esta periodicidade, o que se pode deber á natureza do 
disparador destes eventos. Os HE, ao ser arrefriamentos bruscos da auga superficial do 
Atlántico Norte, coinciden tamén cun moi claro arrefriamento atmosférico simultáneo 
(Bond et al., 1993) e cunha elevación do nivel do mar duns 1-5 m producida pola 
liberación de xeo continental e a súa fusión posterior. 
Dada a rapidez e a magnitude dos cambios climáticos abruptos, tanto dos HE 
como dos D-O, as causas que subxacen aos mesmos deben de contemplar a existencia 
de albores ou puntos de non retorno no sistema climático terrestres, ou doutro xeito, o 
comportamento non lineal do clima cando unha variábel climática superan un valor 
determinado (Rahmstorf, 2002). 
Entre os mecanismos que explican estes eventos pódense invocar forzamentos 
externos que xa foron anteriormente descritos, como son os cambios da insolación 
polos parámetros orbitais ou forzamentos internos. Os últimos traballos para a 
explicación da causa que os produce, apuntan a estes últimos como disparadores, 
existindo hipóteses que aluden á dinámica das masas de xeo e outras que invocan 
cambios na circulación termohalina: 
 
-Modelo de incremento da temperatura basal pola calor xeotérmica (Andrews, 1998). 
Esta hipótese sostén que o crecemento dos casquetes de xeo produce unha flexión da 
cortiza continental e un aumento do fluxo térmico cara a base do glacial que traer como 
consecuencia da fusión do xeo basal. Isto, xunto ao crecemento do volume de xeo 
acumulado propiciaría a saída de este cara o mar na forma de icebergs. 
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-Modelo de Sobrecarga-Colapso ou Binge-Purge (McAyeal, 1993). Esta hipótese 
considera o crecemento e colapso dos mantos de xeo como unha oscilación propia 
destes mantos. Durante a acumulación, comezaríase a fundir o xeo máis profundo 
axudado pola presión e o gradiente xeotérmico, creándose unha superficie de despegue 
que favorece o deslizamento dos mantos de xeo cara o mar, e deste xeito, producíndose 
a liberación de icebergs. Este último modelo podería explicar o carácter abrupto dos HE, 
pero non a actuación sincrónica que teñen Lauréntida e a península Feno-escandinava. 
 
Para xustificar que se produzan descargas masivas de icebergs con procedencia 
nos diferentes casquetes de xeo invocouse como causa o ascenso do nivel do mar. En 
acordo con estas ideas, o extenso xeo mariño que chega a formarse nas etapas frías 
estaría ancorado ás irregularidades positivas do substrato e actuaría como freo ou 
contención ao escorregamento do xeo continental (Clark et al., 1999). O ascenso do 
nivel do mar produciría que o xeo mariño, por flotación, fora liberado dos seus puntos 
de ancoradoiro e deixe de actuar de freo ao colapso dos glaciais. 
 
Figure 1.11: Bond cycle with the 
progressive colder D-O which 
favors the increase of the ice 
sheets. These ice sheets would 
collapse in the corresponding 
coldest D-O (Francés et al., 2008; 
modified from Alley, 1998). 
 
 
 
Como xa se ten dito anteriormente, tanto os D-O como os HE, teñen unha 
marcada influencia na circulación termohalina global, e especialmente nas áreas de 
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afundimento de augas no Atlántico Norte. Sen embargo, para algúns autores, os 
cambios na circulación oceánica máis que unha consecuencia destes eventos, 
representan unha causa dos mesmos. Deste xeito, postuláronse tres modalidades de 
circulación posíbel (Fig. 1. 12): a que ten lugar durante os GS, a que se produce durante 
os HE e obviamente, a circulación durante os GIS e interglaciais (Sarnthein et al., 1994; 
Ganopolski e Rahmstorf, 2001). 
Na situación actual, o motor da circulación termohalina é a inxección de augas 
cálidas e relativamente salgadas ás altas latitudes do Atlántico Norte. Estas augas van 
cedendo calor á atmosfera e arrefriándose e, ao ser relativamente salgadas, a súa  
densidade aumenta pasando a ser inestábeis con respecto ás súas augas circundantes e 
afúndase até o fondo da conca (formación da NADW). Este afundimento por un proceso 
de retro-alimentación, favorece a chegada de auga procedente da corrente do Golfo 
revitalizando este modelo de circulación. Este tipo de circulación sería estábel nos 
períodos cálidos, aínda que non se coñece cal pode ser a súa reacción no caso de que os 
sistema se quente até límites non recoñecidos nos rexistros sedimentarios á escala de 
estudo da Tese. 
Durante as glaciacións, as rexións onde se orixina a actual NADW estiveron 
invadidas polo xeo, polo que a formación de aguas profundas só pode ter lugar ao sur 
dos albores topográficos que separan o mar de Noruega-Grenlandia do resto do 
Atlántico. A convección a estas latitudes non serían tan efectiva como sucedía no caso 
anterior, e a formación da NADW ficaría diminuída e debilitada. Asín, durante estas 
etapas, a NADW máis que unha masa de auga profunda sería unha masa de auga 
intermedia, o cal favorecería que os fondos do Atlántico Norte estivesen ocupados e 
bañados pola AABW. O papel das áreas de afundimento no Hemisferio Sur baixo estas 
condicións sería relevante nos mecanismos de intercambio de auga inter-hemisférica, 
como se explicará máis adiante. 
A terceira modalidade de circulación nomeada sería a que tería lugar durante os 
HE e posibelmente durante o máximo glacial. Esta modalidade contempla a parada total 
na formación da NADW, e polo tanto, unha diminución da circulación termohalina 
global. Durante estas etapas, a fusión masiva das armadas de icebergs produciría unha 
baixada pronunciada da salinidade, coas consecuencias encadeadas na baixada da 
densidade da auga superficial, que non sería suficiente para que se producira o 
afundimento e a formación de augas profundas e intermedias (Vidal et al., 1997). 
Durante estas fases de parada na formación da NADW, a AABW invadiría tamén, como 
no caso anterior, todo o fondo do Atlántico Norte (Fig. 1. 12). O modelo descrito 
contempla que tralo fin dos arrefriamentos abruptos, os sistema teña a capacidade 
retorno até as condicións típicas dos GIS e interglaciais conforme a salinidade nas areas 
fonte da NADW vaise recuperando. 
Segundo o modelo de formación de augas intermedias, as augas cálidas 
carrexadas pola corrente do Golfo entrarían nas altas latitudes do Atlántico Norte 
revitalizando a formación de augas profundas, para logo, durante os períodos glaciais ou 
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durante os GS, volver a debilitarse polo crecemento das masas de xeo, producíndose así 
a alternancia entre os dous extremos do ciclo. Durante as liberacións masivas de 
icebergs, a parada na formación da auga profunda non sería un modelo estábel durante 
os períodos glaciais, e a chegada doutro ciclo interestadial levaría o modelo até as 
condicións actuais, repoñéndose o afundimento ao instante tralo fin do HE. 
Este modelo de circulación pon de liza a importancia que a chegada de auga 
doce ten sobre a circulación do Atlántico Norte, na circulación de tombo meridional do 
Atlántico (Atlantic Meridional Overturning Circulation, AMOC), xa que a salinidade, 
xunto coa temperatura, da auga superficial, determinan a súa densidade, e é esta 
densidade a que permite ou non o afundimento da masa de auga. O escenario proposto 
por Rahmstorf (2001) mantén que a intensificación da corrente do Golfo produce un 
quecemento dos mares máis setentrionais e o conseguinte aporte de auga doce como 
consecuencia da fusión parcial dos xeos. Neste caso produciríase a debilitación da 
formación da NADW, até o punto onde a chegada de augas cálidas até posición tan 
setentrionais pararía, volvéndose a recuperar o afundimento. 
Todos os modelos amosan a existencia dun equilibrio global do sistema, que 
oscila ou flutúa entre dúas situacións estábeis dependendo das condicións ou 
forzamentos que actúen sobre el. Os forzamentos que causan os diferentes tipos de 
circulación necesitan ser globais. Hoxe por hoxe descoñécense cales son e como operan, 
se ben existe varias hipóteses propostas. 
Unha delas é a coñecida como “balancín bipolar” (Broecker, 1998), que invoca 
un comportamento asimétrico de ámbolos dous hemisferios. En acordo con estas ideas, 
a corrente do Golfo levaría augas cálidas cara os mares do Norte, traballando como un 
transportador de calor dende as áreas ecuatoriais cara as latitudes altas do Hemisferio 
Norte, producíndose unha ganancia calorífica deste Hemisferio con respecto ao 
Hemisferio Sur. Asín, os episodios nos que a corrente do Golfo está intensificada, como 
acontece nos GIS e nos períodos cálidos en xeral, corresponderíanse con episodios fríos 
no Hemisferio Sur e viceversa, xa que se se detén ou diminúe a formación da NADW no 
Atlántico Norte, tamén o fai a corrente do Golfo. O enfraquecemento desta desta 
corrente do Golfo fai que o Hemisferio Norte non experimente unha ganancia de enerxía 
ao non transportarte tanta calor dende as áreas ecuatoriais, polo que a calor queda 
almacenada no Hemisferio Sur, que se arrequece con respecto ao Hemisferio Norte. A 
distribución da calor no Atlántico de ámbolos dous hemisferios non é simétrica, xa que 
as dimensións e a cantidade de auga en ámbalas dúas concas é moi diferente, e xa que 
logo, os cambios no Hemisferio Sur vense diminuídos por este maior volume de auga e 
polo diferente ritmo de funcionamento das correntes superficiais e profundas. 
Outra hipótese sería a chamada “oscilador salino”, que fai fincapé nos cambios 
na salinidade que poden experimentar as áreas fonde da NADW como consecuencia, 
precisamente, da formación ou no cese desta auga profunda (Broecker et al., 1990). Este 
modelo propón como mecanismo causante dos cambios na circulación termohalina o 
transporte de auga doce a través da atmosfera entre o océano Atlántico e Pacífico, que  
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Figure 1.12: (previous page) Sea surface circulation and atmospheric modalities linked to the abrupt climatic 
changes: a) Circulation linked to the different climatic event showed by Sarnthein et al. (1994) and modeled 
by Rahmstorf et al. (2002); b) different circulation models in section from Rahmstorf et al. (2002); c) wind 
cells distribution for the abrupt climatic changes (extracted from Moreno et al. (2004)). 
produciría fases de acumulación e exportación de sal no Atlántico Norte como motor da 
circulación termohalina. Unha fase de formación activa da NADW corresponderíase 
cunha meirande perda de sal, que tería que ser compensada coa chegada de augas 
salgadas a través da corrente do Golfo para que a densidade das augas superficiais non 
descenda en comparación coas augas circundantes e se deteña o afundimento. Se a 
formación da NADW diminúe hai unha menor perda de sal, que non favorece a chegada 
da corrente do Golfo e xa que 
 logo non se produciría a liberación á atmosfera da calor carrexada por esta 
corrente, dando lugar a un crecemento dos mantos de xeo até que auga superficial 
acumule a suficiente cantidade de sal para que se retome o afundimento. O ciclo cérrase 
coa rehabilitación da corrente do Golfo que volvería a ceder calor á atmosfera para que 
os mantos de xeo retrocedan. 
Con estas premisas é coas que Broecker et al. (1985), seguindo o modelo de 
Stommel et al. (1961), propuxeron a bi-estabilidade e funcionamento non lineal da 
circulación termohalina, que son características que xa foron aludidas anteriormente ao 
longo do texto. 
A existencia dos cambios climáticos abruptos é habitual no rexistro climático, 
mais esta parece non sela tónica xeral ao longo do Holoceno, que, comparado coa 
última glaciación, amósase como unha época dende o punto de vista climático, 
relativamente estábel. Non obstante, durante o Holoceno tamén se deron flutuacións 
climáticas de menor amplitude, e este asunto centra a atención de moitas investigacións 
recentes sobre se estas flutuacións responden aos mesmos mecanismos que operaron 
durante a glaciación, aínda que, obviamente, con efectos menores. A única razón para 
xustificar a ausencia dos cambios climáticos abruptos nos derradeiros 11500 anos é a 
reducida extensión dos mantos de xeo continentais. Esta extensión sería insuficiente 
para liberar unha cantidade de icebergs significativa para producir cambios climáticos 
intensos no sistema climático terrestre. Non obstante, ignóranse os efectos dunha 
fusión acelerada dos glaciares, como o que actualmente está acontecendo (Rahmstorf, 
2002). 
En definitiva, os datos apuntan a que os mecanismos causantes dos D-O 
mantivéronse durante o Holoceno, aínda que as súas consecuencias sobre o clima global 
non tiveran unha resposta dunha magnitude semellante á que tiveron ao longo da 
última época glacial (Bond et al., 1997, 2001; deMenocal et al., 2000; Keigwin e Boyle, 
2000). 
Como compendio final, e atendendo exclusivamente ao límite de idade 
establecido, polos rexistros sedimentarios que se van a utilizar ao longo da Tese, en 
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60000 anos, os principais períodos e eventos rexistrados comezarían no Estadio 
Isotópico Mariño 3 (Marine Isotopic Stage, MIS3), seguen no MIS2, onde comeza e se 
empraza o LGM, e remata no Holoceno (MIS1). Durante o derradeiros 60000 anos, 17 
son so GIS rexistrados nas testemuñas de xeo (Fig. 1. 9), a meirande parte deles 
acontecidos durante o MIS3. Este MIS3 defínese como un período cálido relativamente 
pouco intenso no contexto da derradeira das glaciacións. Este feito suxire que durante 
este estadio deberon de existir grandes cantidades de xeo para que os D-O puideran ter 
lugar coa magnitude coa que se amosan nos rexistros de xeo (Fig. 1.10). Ao longo do 
MIS3 séguese a ciclicidade de Bond, de feito, é a parte do rexistro onde mellor se 
explica, xa que entre cada 4 ciclos D-O sucesivamente máis fríos, fan que se desencadee 
un HE. Para a xeración de estes eventos, é preciso a existencia de mantos de xeo 
extensos cubrindo as superficies continentais que circundan ao Atlántico Norte, e polo 
tanto confirma que o MIS3 foi un período relativamente frío en comparación co actual, e 
como se verá, comparábel ou incluso máis frío que o propio MIS2. Catro HE que 
aparecen neste estadio: H6, H5, H4 e H3, e incluso destaca a existencia dunha capa de 
IRD máis nos rexistros do Atlántico Norte entre os GIS 15 e 16, con características 
semellantes aos HE e que se chega a denominar como H5a (Rashid et al., 2011). 
Trala fin do MIS3 prodúcese e a entrada no MIS2, no que existen dous GIS, o GIS 
2 e 3. Dentro do MIS2 está incluído o LGM, que tivo lugar vai uns 21000 anos (Labeyrie, 
2003), pouco despois do GIS2. Este GIS2 sería a etapa máis cálida despois do H2, que 
sería o primeiro dos dous HE (H1 e H2) que aparecen neste estadio. O LGM ten o seu 
remate no H1, que remata co período máis cálido dentro desta etapa glacial, e este 
período coincide co GIS 1 e que tamén se coñece como Bølling-Allerød (BO). Este GIS 1 
remata con outro arrefriamento coñecido como Younger Dryas (YD), considerado como 
o derradeiro dos HE acontecidos antes do Holoceno no Atlántico Norte e que tamén se 
chega a chamar o H0. Este H0 marcaría o albor do MIS2, e polo tanto da glaciación. Unha 
vez rematada esta, o sistema entra no Holoceno ou MIS1. A entrada no Holoceno é unha 
entrada moi abrupta, cun ascenso de temperatura duns 7 °C nunhas décadas, o cal vese 
reflectido claramente na composición isotópica do osíxeno das testemuñas de xeo de 
Grenlandia (Fig. 1.10). 
No Holoceno, como se dixo, tamén ocorreron fases frías, e a primeira tivo lugar 
vai uns 8200 anos, cunhas consecuencias diminuídas pero similares aos D-O. Este 
arrefriamento figura como unha interrupción no quecemento do clima, que segue esta 
tendencia até o momento de maior quecemento ao longo de todo o Holoceno, que se 
coñece como o Óptimo Climático Holoceno. É a partires deste momento, e até a 
actualidade, que se seguen a producir variacións no clima a unha escala de magnitude 
menor que durante o derradeiro dos períodos glaciais. 
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Sedimentary evolution of the Galicia Interior Basin 
during the past 60 ka: Sedimentation processes and 
palaeoceanographic significance 
 
 
 
 
2.1 Introduction 
The scarce studies performed at the Atlantic Galicia continental margin are 
restricted to the Galicia Bank (Ercilla and Vilas, 2008 and references therein) and the 
Galicia shelf (Dias et al., 2002; González-Álvarez et al., 2005; Martins et al., 2007; 
Bernárdez et al., 2008, 2009; Lantzsch et al., 2009, 2010; Mohamed et al., 2010). The 
Galicia Interior Basin (GIB) and its marginal slopes (Fig 2.1) have, in contrast, been the 
subject of less attention (McCave and Hall, 2002; Bender et al., 2012). Consequently, the 
sedimentary processes acting in these environments and especially the 
palaeoceanographic and palaeoclimatic evolution are poorly known. This study provides 
new data about the sedimentary, geochemical and micropalaeontological (planktonic 
foraminifera) characteristics of the basin deposits based on high-resolution analyses of 
six sediment cores retrieved along a latitudinal transect crossing the GIB from the Galicia 
continental slope to the eastern flank of the Galicia Bank. An interpretation of the 
palaeoceanographic and sedimentary evolution of the basin during the past 60 
thousands of years (cal ka BP) is provided. Bottom and surface water masses circulation 
experienced notable variability during this period, which appear to relate with global 
climatic changes, especially during the extreme climatic conditions that occurred during 
Marine Isotopic Stages 3 and 4 (MIS 3 and MIS4), with special emphasis on the 
pronounced Heinrich Events. 
 
2.2 Regional setting 
Heinrich Events (HE) are documented in numerous oceanic sediment cores from 
the North Atlantic (Heinrich, 1988; Broecker et al., 1992; Bond et al., 1993; Grousset et 
al., 1993; Lebreiro et al., 1996; de Abreu et al., 2003; Naughton et al; 2007). These 
extreme cold events can be easily recognized by the presence of ice rafted debris (IRD) 
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and polar planktonic fauna (mainly Neogloboquadrina pachyderma (sin)) (Hemming, 
2004). During HE huge amounts of icebergs were delivered to the North Atlantic Ocean 
from the eastern margin of the North Atlantic continental ice sheets (Heinrich, 1988, 
Bond et al., 1992; Broecker et al., 1992), Fenno-Scandinavian, Icelandic (Grousset et al., 
1993, 2000; Bond and Lotti, 1995; Revel et al 1996, Elliot et al., 1998, Sánchez Goñi et 
al., 1999; Snoeckx et al., 1999) and British-Irish ice sheets (Scourse et al., 2000; Richter 
et al., 2001). In addition, large volumes of fresh melt water invaded the North Atlantic 
and caused drastic changes in the Atlantic Meridional Overturning Circulation (AMOC) 
(Vidal et al., 1997), leading to a drastically reduced or even inhibited formation of North 
Atlantic Deep Water (NADW, Schmittner et al., 2002; Weber et al., 2007). These effects 
are also documented with the same proxies showed in this work at the southern 
extreme of the Iberian continental margin where icebergs were carried by North Atlantic 
anticyclone polar surface circulation (Lebreiro et al., 1996). Furthermore, the changes in 
AMOC during the recorded period led to a southward migration of the Polar Front, the 
limit between cold-warm water masses, along the Eastern North Atlantic coast (Eynaud 
et al., 2009). 
The GIB is a narrow basin (100 km wide and around 3000 m deep in its center) 
located between the western Iberian margin and the Galicia Bank (Fig 2.1). 
Sedimentation is currently dominated by hemipelagic processes with a minor 
contribution from gravity-driven material supply at its margins (Llave et al., 2008, 
McCave and Hall, 2002; Bender et al., 2012).  
The modern surface circulation at the Iberian Margin (Fig 2.1) is dominated by 
the southward-directed Portugal Current (PC), a broad and slow branch of the North 
Atlantic Drift, which constitutes the eastern border of the subtropical gyre. The Galicia 
shelf and upper continental slope are affected by a strong upwelling-downwelling 
regime driven by the respective seasonally redirecting wind fields (Varela et al., 2005). 
During winter, a reinforced Iberian Poleward Current (IPC) introduces relatively warm 
and salty waters in this area from the South as result of an increased latitudinal density 
gradient (Herrera et al., 2008).  
Eastern North Atlantic Central Water (ENACW) constitutes the subsurface water 
mass. This water includes all mode waters formed eastward of the Mid-Atlantic Ridge 
(Varela et al., 2005). Two end-members of the ENACW can be distinguished at this 
latitude: the warmer and more saline ENACWst of subtropical origin (Fraga et al., 1998), 
and the colder and less saline ENACWsp forming in the subpolar region (Harvey, 1982). 
The modern depth of these two branches mainly depends on wind intensity, but is never 
deeper than 500 m. Below the ENACW, between 450 and 1500 m modern water depth 
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(mwd) the Mediterranean Water (MW) is divided into two cores clearly identifiable by 
their temperature and salinity values (Fusco et al., 2008). The Upper Mediterranean 
Water (MWU) located at 800 m and the lower branch (MWL) at around 1000 m mwd 
(O’Neill-Baringer and Price, 1999; Varela et al., 2005). 
 
Figure 2.1: Location of the study area (a), the position of the studied cores (b) in the GIB and the relieve 
view of the Galicia Atlantic Continental Margin (c). The principal surface and subsurface ocean circulation 
patterns and the water masses are shown in d). The position of the seismic line (e) is shown as a black line 
between A-B points in the location map (a). (NADW- North Atlantic Deep Water, LW- Labrador Water, MW- 
Mediterranean Water, ENACW- Eastern North Atlantic Central Water, PC- Portugal Current, PCC- Portugal 
Coastal Current, IPC- Iberian Poleward Current. 
The Labrador Water (LW) appears at 1500 mwd and bathes the lower 
continental slope and the most part of the Interior Basin. Deeper areas (>3000 m) are 
affected by the NADW. Lower Deep Water (LDW), of Southern origin, is restricted to the 
deepest parts of the basin. 
According to Gardner and Kidd (1987) the general sediment transport off NW 
Iberia is directed along-slope and northwards, and existed already in the latest Miocene. 
The bottom currents along the Iberian margin could allow a sediment reworking and 
deposition at some stages (Ercilla et al., 2008). In the study area the grouping of the 
northwards transport and the bottom currents actions over the bottom topography has 
led to local contouritic deposition (Hernández-Molina et al., 2011), possibly leading to 
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the development of the contouritic drift described by Bender et al. (2012) for the lower 
continental slope of the GIB (Fig 2.1e).  
2.3 Material and methods 
Six gravity cores (Fig 2.1, Fig 2.2 and Fig 2.3) retrieved during cruises GALIOMAR 
(R/V Poseidon, 2006) and ForSaGal 09 (R/V Sarmiento de Gamboa, 2009) along an E-W 
transect of the Galicia Interior Basin are analysed in this study (Table 2.1). The 
westernmost Core FSG09-10 is from the east flank of the Galicia Bank, in the so-called 
Transitional Zone (Vázquez et al., 2008), a dome-like elevation dominated by bottom 
current activity that generates the abraded surfaces (Ercilla et al., 2011). The two 
easternmost Cores GeoB 11035-1 and FSG09-17 were retrieved from a contouritic 
deposit developed on the lower continental slope (Fig 2.1; Bender et al., 2012). Cores 
FSG09-7, FSG09-9 and FSG09-16 are located in the central part of the basin where 
pelagic and hemipelagic processes are taking place, similar to the pelagic-hemipelagic 
sedimentation of the surrounding areas, the Transitional Zone (Ercilla et al., 2011) and 
the lower slope (Bender et al., 2012). 
 
Table 2.1: Location, water depth and recovery of sediment cores. 
Cruise Core Depth Recovery Latitude Longitude 
    [m] [cm] [°N] [°W] 
GALIOMAR GeoB 11035-1 2048 505 42,17 9,66 
ForSaGal FSG0909-17 2156 329 42,26 9,72 
ForSaGal FSG0909-16 2708 390 41,99 10,28 
ForSaGal FSG0909-07 2393 335 42,16 9,84 
ForSaGal FSG0909-09 2707 342 42,17 10,19 
ForSaGal FSG0909-10 2779 230 42,14 10,51 
 
Once the cores were split in two halves, they were X-rayed and described (Fig 
2.2). One half of each core was archived and the other half was analysed using an XRF 
Core Scanner (Avaatech; at the University of Barcelona and at MARUM) to obtain semi-
quantitative Calcium and Iron abundances, and other elements. Calcium is principally 
considered as a marine component (carbonate tests) in this region (Richter et al., 2006; 
Bender et al., 2012). After these measurements high-resolution sediment sampling was 
performed. Samples from Cores GeoB 11035-1 (one sample every 5 cm), FSG09-16 (one 
sample every 2 cm) and FSG09-10 (one sample every 4 cm) were wet-sieved using 150 
µm and 63 µm meshes. The >150 µm fraction was examined with a microscope for 
Chapter II 
69 
counting IRD and N. pachyderma (sin) abundances to identify the HE, using these proxies 
as principal indicators of these events in the North Atlantic (Hemming, 2004). 
In core FSG09-10, Total Inorganic Carbon (TIC) was obtained by elemental 
analyisis using the LECO CN-2000 (CACTI, University of Vigo). The calcium carbonate 
(CaCO3) content was calculated by multiplying the TIC value using the molecular mass 
ratio 8.33, assuming that all the inorganic carbon is in the form of calcium carbonate. 
These analysis was carried on in a total of 72 samples (1 sample every 2cm). 
Age model was established based on 18 new AMS-14C dates (measured at the 
Center for Applied Isotopes Studies, University of Georgia; Table 2.2) obtained from 
monospecific handpicked samples of the planktonic foraminifera G. bulloides (seven 
samples from Cores FSG09-10 and FSG09-16 and two samples from Cores FSG09-7 and 
FSG09-17). The obtained radiocarbon ages were calibrated according to Fairbanks et al. 
(2005). Six radiocarbon dates from core GeoB 11035-1 from Bender et al., 2012, were 
also considered. To obtain a more accurate age control, the recorded HE were used as 
markers and correlated with ice δ18O curves (Grootes and Stuiver, 1997). 
 
2.4 Results 
2.4.1 Elemental composition (XRF analysis) 
The XRF analysis provides a semi-quantitative abundance of the principal 
elements in the sediment and is mainly used for basin wide high-resolution correlation 
purposes. These elements exhibit strong variability downcore, contributing to the 
sedimentary units distinction as described in section 5. Considering that granites are the 
main rocks in neighbouring continental areas, Ti, Fe, Al and K, among others, are 
considered to be of terrigenous origin. At the same time, no carbonate rocks are present 
in emerged areas draining into the GIB, and thus all measured Ca must have a marine 
biogenic provenance, except for carbonate having arrived in the form of IRD in very 
specific locations. 
Observing variations through time, Ca (Fig 2.4 and Fig 2.5) is the most frequent 
element in all cores. High values of Ca (Fig 2.4) are recorded in the younger units and at 
certain levels that correspond with IRD layers, which frequently contains lithogenic 
calcite and dolomite particles (Grousset et al., 2001). In addition, an increased trend of 
Calcium abundance was observed from the Eastern to the Western margin of the basin 
(Fig 2.5).  
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Figure 2.2: Lithological logs of the GIB cores. The whole picture for each core and the X-ray picture in 
colour scale (light colours-high density; dark colours-low density) are included in the description. These 
logs are included in the Figure 2.3 to correlate the sedimentary units and facies for the GIB. The arrows 
represent the 
14
C-AMS used in the building up of the age models of the cores, included in the Table 2.2. 
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In order to corroborate the semi-quantitative data obtained with the XRF 
analysis, almost for the most abundant element, the Ca content was compared with the 
compositional analysis obtained for the Calcium Carbonate (Fig 2.6). For the comparison, 
due to the different measurement resolution, only the average of the corresponding 
centimetre with the TIC sample was taken into account. Iron is the most abundant 
terrigenous element. Relatively high values are measured in all the cores (Fig 2.4), 
except for the youngest intervals mentioned above. The Fe shows a constant trend 
along each core, and no significant differences are observed across the entire basin. 
Table 2.2: AMS-14C age control of the sediment cores (*not considered (beyond radiocarbon limits)). 
Core Depth AMS 14C Error Calibr. 14C Reference 
 
[cm] [years] [years] [cal ka BP] 
 FSG0909-10 21 7780 30 8.19 Fairbanks0107 
FSG0909-10 38 12260 40 13.70 Fairbanks0107 
FSG0909-10 95 16460 40 19.19 Fairbanks0107 
FSG0909-10 137 18750 50 21.94 Fairbanks0107 
FSG0909-10 166 29290 90 34.30 Fairbanks0107 
FSG0909-10 180 41160 250 45.39 Fairbanks0107 
FSG0909-10 204 45110 380 48.75 Fairbanks0107 
FSG0909-16 30 9860 30 10.70 Fairbanks0107 
FSG0909-16 44 12190 40 13.65 Fairbanks0107 
FSG0909-16 76 15460 50 18.23 Fairbanks0107 
FSG0909-16 102 17030 60 19.75 Fairbanks0107 
FSG0909-16 146 19900 60 23.27 Fairbanks0107 
FSG0909-16 206 25020 80 29.44 Fairbanks0107 
FSG0909-16 264 33250 130 38.25 Fairbanks0107 
FSG0909-07 200 17670 40 20.43 Fairbanks0107 
FSG0909-07 327 28410 80 33.38 Fairbanks0107 
FSG0909-17 220 17680 40 20.44 Fairbanks0107 
FSG0909-17 314 32120 100 37.10 Fairbanks0107 
GeoB 11035 58 11110 70 12.77 Stuiverand Grootes (2000) 
GeoB 11035 135 14940 100 17.54 Stuiver et al., (1998) 
GeoB 11035 250 18250 100 21.08 Bard et al., (1998) 
GeoB 11035 300 27700 270 31.96 Bard et al., (1998) 
GeoB 11035 390 38200 1400 43.43 Bard et al., (1998) 
GeoB 11035 494 46620 5250 52.08* Bard et al., (1998) 
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Figure 2.4: Ca (blue) and Fe (red) counts of the GIB cores obtained by means of XRF analysis. The 
chronology is included to show how the cores are correlated. 
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2.4.2 Heinrich Events markers 
Different proxies, such as the abundance of N. pachyderma (sin), IRD (Fig 2.7) 
counts and the ratios Ca/Sr and Zr/Sr (Fig 2.7), have been tipically used to identity 
Heinrich Events (Bass et al., 1997). The relative abundance of N. pachyderma (sin) 
together with the abundance of IRD material are, nevertheless, the most useful markers 
(Hemming, 2004). Some IRD from the Laurentide Ice Sheet consists of calcite and 
dolomite (Andrews and Tedesco, 1992; Grousset et al., 2001) and can thus be easily 
recognized by high XRF Calcium counts. In particular, prominents peaks in Calcium 
content help to identify H1 and H4, and to a somehow lower extent H2 as well (Andrews 
and Tedesco, 1992; Vautravers and Shackleton, 2006). Besides the typically proxies used 
in the HE identification, the carbonate enrichment, the increase of terrigenous elements 
(Fe, Ti, K) and Ca/Sr and Zr/Sr ratios have been also employed as suited HE markers 
(Grousset et al., 1993; Hodell and Curtis, 2008; Hodell et al., 2010). These evidences, as 
well as high colours in radiodensity permit the easy differentiation of these events, 
usually used for accurate correlation across the entire basin (Fig 2.3). 
 
 
Figure 2.5: Ca counts from the XRF analysis comparison between the cores FSG09-10 (black), FSG09-16 
(blue) and FSG09-17 (green) as example of the three corresponding domains of the GIB. 
The percentage of N. pachyderma (sin) of the total planktonic foraminifera 
assemblages and IRD abundance (number of IRD per gram of bulk sediment) are 
counted for Cores GeoB 11035-1 (lower slope), FSG09-16 (central basin) and FSG09-10 
(Galicia Bank) (Fig 2.7). Taking the FSG09-16 as the most studied core of the GIB 
(Chapter IV, Chapter V) and as the reference core, seven intervals are characterised by 
high percentages (more than 50 %) of N. pachyderma (sin) in these core (Fig 2.7). These 
intervals coincide with IRD abundances higher than 100 IRD grains/g bulk sed. (Fig 2.7) 
and with significant peaks in the ratios that mark terrigenous (IRD) elements, Ca/Sr 
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and/or Zr/Sr (Fig 2.8). According to the robust age model of Bender et al. (2012) for the 
core GeoB 11035, the HE identification for the GIB (Bender et al., 2012; Chapter III; 
Chapter IV; Chapter V) and the HE proxies showed in this work, these levels are related 
to H1, H2, H3, H4, H5, H5a and H6 events (Fig 2.7 and Fig 2.8). Values higher than 80 % 
of the polar N. pachyderma (sin) characterize H1, H3, H4 and H6, whereas stronger 
peaks of IRD are recorded during H1 and H4 in coincidence with an increasing Ca 
content (Fig 2.4). The abundance of N. pachyderma (sin) during H2, H5 and H5a amount 
to only 40-50 %. Attending to compositional proxies used to the HE identification (Hodell 
and Curtis, 2008) peaks in Ca/Sr mark clearly t H1, H2, and H4 while the Zr/Sr ratios mark 
besides these, H3, H5, H5a and H6. 
Four HE (H1, H4, H5 and H5a) are identified in Core FSG09-10 with a similar 
expression like in the above described core. In this case H2, H3 and the upper part of H4 
are, however, absent due to erosion caused by gravity-driven processes acting on the 
east flank of the Galicia Bank (Fig 2.2 and Fig. 2.3). The obtained calibrated 14C-AMS age 
for a level just above the oldest gravity-driven processes, identify later as a turbidite 
deposit, is 21.94 cal ka BP. Consequently, the emplacement of this sand layer coincides 
more or less with the end of H2 and erosion spans to H4 time (at around 17 ka eroded). 
 
 
 
 
 
 
 
 
Figure 2.6: Correlation panel 
between the Ca counts and the 
CaCO3 % between the samples of the 
core FSG09-10. This panel shows a 
correlation index between the semi-
quantitative XRF counts for the Ca 
and the real composition in CaCO3 % 
for the GIB. 
 
For the core GeoB 11035 (Bender et al., 2012) five HE are recorded, H1, H4, H5, 
H5a and H6. In this core are absent H2 and H3. And the described characteristics for the 
recorded HE in the cores FSG09-10 and GeoB 11035 are clearly comparable in the 
proxies showed (Fig 2.7 and Fig 2.8). 
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Figure 2.7: HE beds identified in those three cores where N. pachyderma (sin) and IRD counts where done. 
The 
14
C-AMS dates are used for a correct determination of the individual HE and the correlation between 
the cores as was showed in the Figure 2.3. 
In absence of counts of IRD and N. pachyderma (sin), the identification of HE in 
the other studied cores is based on visual sediment analysis (see later), X-ray images 
(and radiodensity derived from the X-ray images) and XRF data, in particular on the 
abundance of terrigenous elements, Ca/Sr, and Zr/Sr as IRD proxies (Hodell et al., 2008). 
Peaks in the terrigenous ratio Zr/Sr are present out of the HE bands marked in the Figure 
2.8 following the HE correlation. Besides the HE, peaks in the terrigenous ratios are 
specially prominents in the turbidites intervals marked for the core FSG09-10 (Fig 2.8).  
For the rest of the cores showed in the Figure 2.8, peaks of this ratio appears 
between H2-H3 for the cores FSG09-16 and FSG09-07 and between H1-H2 in the cores 
FSG09-07 and GeoB 11035. 
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For H1 and H4 identification and correlation the Ca content has been considered 
(Fig 2.4). Core FSG09-17 records only clearly H1 and the end of H4. A weak signal of H3 
can be also identified but H2 is absent, as in Core GeoB 11035-1 attending to the IRD 
and terrigenous proxies comparison (Fig 2.7 and Fig 2.8) and the correlation of the cores 
along the basin (Fig 2.3 and Fig 2.4). The sedimentary record of Core FSG09-07 is 
younger than H4 and the only fairly certain Heinrich event recorded is H1, while H2 and 
H3 have only left weak traces. The sedimentary record of Core FSG09-09 is younger than 
H5a and its record is clearly comparable and close (Fig 2.1) to the Core FSG09-16. 
 
2.4.3 Age framework and sedimentation rates 
Linear sedimentation rates (LSR, Fig 2.9) were calculated between 14C-dated 
levels (Table 2.2) and tie points (e.g. HE, Capítulo) During glacial times (pre-LGM), LSR’s 
were generally around 10 cm/ka, higher at the eastern continental margin, and 
decreasing towards the west (around 5 cm/ka) being lowest at the eastern flank of the 
Galicia Bank (less than 3 cm/ka). Sedimentation rates are low, around 2-3 cm/ka, and 
comparable for all six studied cores during the late Holocene whereas higher 
sedimentation rates of 5-10 cm/ka are present in the early Holocene, these rates show a 
decreasing trend from the LGM. The particular sedimentation rates between the GIB 
domains especially relevant at the lower continental slope where the LGM 
sedimentation rates were even higher than those during the HE. Very high LSR’s 
occurred during HE’s, in particular during H5 and H3, reaching an inferred ratios around 
30 cm/cal ka BP, and to lower extent during H1 where more variability is shown 
between the cores (from 10 to 30 cm/ka). H6, H5a and H4 record slightly elevated LSR’s 
around 20cm/ka with great comparability along the entire transect.  
 
2.5 Sedimentary facies analysis 
Since the study area is located between the Iberian slope and the Galicia Bank, 
sediment supply comes potentially from both relief areas. Sedimentation is, according to 
the analysis showed in this work, largely dominated by hemipelagic processes related to 
slope reworking (Bender et al., 2012) and remobilization processes at both sides of the 
GIB, the Iberian continental slope and the Galicia Bank. Siliciclastic silty material 
dominates generally although different proportions of pelagic carbonates (from 1 % to 
around 55 %, Fig 2.5) are present. In the studied transect, sandy turbidite beds are 
scarce and are mainly present at the west margin, associated to the Galicia Bank, 
nervertheless some evidences of this bed types were found at the Galicia continental 
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slope (Bender et al., 2012). 
Considering composition, grain size and sorting, sedimentary structures, degree 
of bioturbation, facies and their spatial distribution along the basin, eleven sedimentary 
facies were distinguished and interpreted in terms of depositional processes and 
material origin. The overall sedimentary architecture of the observed units was 
summarized in Figure 2.2, and the compositional references are related to the Figure 
2.3. 
 
Pelagic facies 
Facies showing an important pelagic content are better preserved in the most 
recent periods (Holocene), extending along all the study transect (Facies A and B) and in 
the central areas (Interior Basin; Facies C). Certain amounts of silty terrigenous material 
(hemipelagic) are always present (quartz, micas, glauconite and heavy minerals) but clay 
is very scarce or absent. 
Facies A: Massive or poorly laminated, yellow to brown, very fine sands and silts. 
Composition consists of biogenic carbonates, mostly foraminifera, mixed with some 
terrigenous material (quartz, mica, glauconite and heavy mineral grains). Bioturbation in 
the form of vertical and oblique tubes is common. Ca abundance, used here as a mirror 
of the marine carbonate content, decreases rapidly and gradually toward the top of the 
unit (from close to 4.0 to 2.0 x 105 cps). This top-most facies is present all over the study 
area.  
Facies B: Massive, white, carbonate silts to very fine sands; the grain size is generally 
finer and better sorted than in Facies A, with some quartz and mica and very scarce 
heavy mineral grains. Although this facies shows the lowest content in terrigenous 
material of all the identified facies, siliciclastic material is slightly more abundant in 
proximity to the continental slope in the East. Ca contents are high (up to 4.0 x 105 cps), 
showing a rapid increase from the base to the top of this facies. Foraminifera dominate 
the carbonate fraction. Occasionally some test show a glauconitic infill in those cores 
located closest to the continental slope. Bioturbation is more intense towards the East 
from medium to intense, where Zoophycus traces are very common.  
Facies C: Massive or poorly laminated, tan to gray, well-sorted silts of mixed siliciclastic-
carbonate composition. Bioturbation is medium to intense. Decomposed particulate 
organic matter is common. This facies occupies most of the interior basin, changing 
laterally into hemipelagic facies. Ca content is generally low (1.0 x 105 cps). 
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Hemipelagic facies 
Hemipelagic facies are very abundant and occupy the eastern and western 
margins of the study area close to the continental slope (Facies D, H and G) and the 
Galicia Bank (Facies I, H and G).  
Facies D: Massive, dark olive green to tan, siliciclastic silts (quartz, mica and fairly 
abundant heavy mineral grains) mixed with skeletal carbonate grains (mostly 
foraminifera), which are more abundant towards the central area, where they are 
intercalated by thin layers of Facies C. Ca contents are very irregular (commonly close to 
2.0 x 105 cps although some peak values of 4.0 x 105 cps are observed locally). An 
intense bioturbation, mostly by Zoophycus, is a characteristic feature of this facies.  
Facies H: Laminated, dark olive green to gray, poorly sorted, coarse silts and silty very-
fine sands; very scarce skeletal grains, consisting of sand-sized, dispersed pteropod shell 
fragments and foraminifera; some layers contain spot-like concentrations of pelagic 
pteropod fragments. Grain size is coarser than in Facies D and dark minerals are very 
common. Bioturbation is generally scarce, although some vertical burrows are present.  
Facies G: Massive, tan to light gray, mixed carbonate and siliciclastic silts (quartz, mica 
and dark mineral grains) and sands (mollusc and foraminifera fragments and micas 
compose most of the sand fraction). Grain size is generally finer than that of Facies H. 
This facies is present in the older (down core) slices of the core transect at both eastern 
and western margins, generally in association with Facies H; composition is similar to 
Facies H, although Ca contents are higher (up to 3.0 x 105 cps). A significant feature is an 
intense bioturbation by Zoophycus and abundant vertical burrows.  
Facies I: Massive or weakly laminated (diffuse lamination), tan to light olive green, fine 
silts and silty sands. Quartz dominates the composition although some dark mineral 
grains and carbonates consisting of foraminifera and mollusc shell fragments are present 
(values up to 1.0 to 1.5x105 cps). Spotty pteropoda concentrations are locally observed. 
Bioturbation, in the form of both vertical and horizontal burrows are moderate to 
intense (Zoophycus is rare). 
 
Contouritic Facies 
The interpretation of theses possible Contouritic facies, based on seismic data 
(Fig 2.1) and in previous works for some of the cores (Bender et al., 2012), are 
developed on the eastern margin close to the continental slope. The sedimentary 
identification of this facies, as will be showed below, are based on the sedimentary 
criterium marked in Stow et al. (2002) for the muddy contourites. This facies appear 
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forming a relatively thick interval, which transitions towards the Interior Basin into 
pelagic (Facies C) and hemipelagic facies (mainly Facies H and I).  
Facies E: Massive or weakly laminated, homogeneous greenish gray to tan, poorly 
sorted, siliciclastic silts and silty very-fine sands; the sand fraction consisting mainly of 
dark mineral grains and bioclastic components (foraminifera and pteropods). Calcium 
content is very homogeneous through the facies, showing values close to 1.0 x 105 cps). 
Pteropoda accumulations appear as some-cm thick layers. Bioturbation is common in 
the form of horizontal or inclined Zoophycus traces. Vertical burrows are also common, 
mostly in the lower part of the facies. 
Facies F: Laminated greenish gray to tan siliciclastic silts and silty very-fine sands, 
showing a composition similar to Facies E. Particulate organic matter is less abundant 
than in Facies E. Bioturbation is scarce but some pteropoda accumulations were found. 
Apart from having a very well defined centimetre to millimetre scale lamination, a 
prominent difference to Facies E is the Ca content distribution which shows 10-cm 
intervals in which the carbonate content increases gradually (from 1.0 to 2.0 x 105 cps) 
due to increasing bioclastic material. Facies F forms a fairly thick interval (25-30 cm) 
which wedges out rapidly toward the west. 
 
Turbiditic Facies 
Sandy turbiditic deposits in the study area are in their majority restricted to the 
eastern flank of Galicia Bank where they appear in two levels (Fig 2.2) in Core FSG09-10. 
The one placed downer core (FSG09-10) is thicker and contains a more complete and 
developed turbidity record. 
Facies J: Dark gray to tan, well-sorted, fine sands and silts, showing ripple cross-
lamination and parallel lamination at the base; the basal coarser layers of these deposits 
are composed mostly of siliciclastic material (quartz, muscovite and chlorite), which are 
mixed with some bioclastic material (foraminifera, mollusc shells and echinoderm 
fragments). Towards the top these beds (30-40 cm) show a gradual fining, are 
increasingly bioturbated, and carbonate components (unbroken foraminifera tests) 
increasingly more, although the overall Ca content remains generally under 1.5-2.0x105 
cps). This facies have an erosive base, an almost in the older turbiditic interval (FSG09-
10) a fining-upward trend could represents a typical turbidite deposit. 
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IRD layers 
Facies K: Generally massive or poorly laminated, tan to gray, well-sorted silty matrix of 
mixed siliciclastic-carbonate composition. In spite of some variability in grain size and 
composition, the characteristic of this facies is the certain to prominent amount of 
coarser particles of sizes larger than 2 cm, made up of quartz, feldspars, micas, rock 
fragments, detrital carbonate. These layers are thus interpreted as ice rafted debris 
(Grousset et al., 2001) and the terrrigenous particles was counted in order to establish 
the total abundance of IRD (Fig 2.7). Bioturbation is common; sometimes bioturbation 
by Zoophycus is intense. These facies forms decimetre-scale (from ~10 to ~40 cm) and 
tabular, laterally continuous units, although H2 and H3 beds (Fig 2.2) vanish towards the 
eastern margin (continental slope). 
The identification of these IRD layers as HE deposits requires other 
complementary proxies such as the abundance of the polar planktonic foraminifera N. 
pachyderma (sin) that is shown in Figure 2.6. Both proxies together are characteristic for 
these IRD layers corresponding with the HE at these latitudes. Additionally, the X-ray 
pictures of the cores (Fig 2.2 and Fig 2.3), show high radiodensity colours at this facies 
(Chapter III). Their characterizations, together with the age framework, allow the 
identification of each event (Fig 2.7 and Fig 2.8), go with the described HE markers, as 
was previously explained for each event. 
 
2.6 Discussion 
In general, the sedimentary record of the GIB consists of a succession of mainly 
pelagic and hemipelagic sediments deposited at low sedimentation rates (Fig 2.2 and Fig 
2.8). This pelagic and hemipelagic record would be completed with the IRD layers which 
were rapidly deposited during Heinrich Events. Warm periods, such as the Holocene, are 
characterized by moderate to low (less than 5 cm/ka) sedimentation rates and pelagic 
material. Low sedimentation rates during warm periods, when the sea level is high, can 
be expected in analogy with earlier interstadials (Sierro et al., 2009). Significant turbiditic 
transport is scarce and mainly restricted, at these latitudes, to the east flank of the 
Galicia Bank. 
The depositional pattern for the GIB appears to be strongly forced by sea-level 
variations and millennial-scale global climate changes characterizing the last glacial cycle 
(MIS 2-4; Dansgaard-Oeschger (D/O) and Bond cycles (Dansgaard et al., 1993; Bond et 
al., 1993). Major climate features, such as HE, the Last Glacial Maximum (LGM) and the 
Holocene have a strong imprint in the basin. Abrupt cold events leave an unquestionable  
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Figure 2.8: IRD and terrigenous proxies to identify Heinrich Events (HE). The Ca/Sr and Zr/Sr ratios reflect 
the HE beds occurring in the area. Zr/Sr ratio could mark the HE and the terrigenous input of turbidites (as 
happened in the core FSG09-10 where turbidites marked with a black line and T disturbed the succession) 
or nepheloids layers. An accurate correlation between all the cores can be done using these proxies. These 
ratios were obtained using the XRF data and do not represent quantitative values. 
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Figure 2.9: Age models for the cores used in this study based in the 14C-AMS for the GIB (Table 2.2). An 
accurate age model of cores GeoB 11035, FSG09-10 and FSG09-16 was used in this Figure 2. 2 based on the 
works developed in the Chapter IV and Chapter V. Sedimentation rates of each core and a comparison 
between the areas in the Galicia Interior Basin are showed in the lower part of the figure. 
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signal and their basin-wide beds serve as key levels for correlation (Facies K). In 
particular, H1 and H4 are found over the entire basin, revealing intense icebergs 
discharge and sea-surface cooling during these times, in agreement with previous 
observations in the North Atlantic (Lebreiro et al., 1996, 1997, 2009; Sánchez-Goñi et al., 
1999; de Abreu et al., 2003; Vautravers and Shackleton, 2006). Relatively low-Ca 
sediments deposited during the LGM (Facies E) over the over GIB forming a westwards 
thinning contourite drift. The material deposited during the Holocene (Facies A and B) 
shows a distinctive visual character (colour, grain size, etc.), which is validated by the 
proxies, indicating that the specific oceanographic regime, was very different from those 
of the older units. The Holocene sedimentation rate is the lowest for the last 60 cal ka 
BP being constant over the entire basin. 
By integrating the sedimentary facies distribution and the results from the 
analyzed proxies a detailed reconstruction of the Late Quaternary sedimentary evolution 
in the GIB is provided in the following sections: 
 
From H6 to H4 (~62-39 cal ka BP) 
An alternation of hemipelagic units (Facies H and the HE, Facies K) is the main 
feature of this period (Fig 2.10a). Well-developed Heinrich deposits appear interlayered 
by hemipelagic muds. Three HE (Fig 2.10a) where identified during this period which 
correspond to H6 (~60 cal ka BP), H5a (~54 cal ka BP) and H5 (~46 cal ka BP). 
Sedimentation rates during these HE’s are relatively high as a consequence of strong 
iceberg material discharge and enhanced input of fine material from the basin margins, 
probably due to rapid sea level falls during these abrupt climate changes (Lebreiro et al., 
2009). In particular, the highest sedimentation rates occur during H5, with a decrease 
from the eastern margin of the basin (Core GeoB 11035-1) towards the western margin 
(Fig 2.9). Higher Fe and lower Ca contents (Fig 2.4) recorded in the eastern cores suggest 
a certain regional continental contribution during these HE. Bender et al. (2012) 
suggested, however, sub-millennial AMOC fluctuations possibly related to D/O cyclicity 
to explain grain size changes in Core GeoB 11035-1. Although this period is not recorded 
in all cores, an equivalent sedimentary pattern is observed in the center and at the 
eastern margin of the basin (Fig 2.10a). Decelerated AMOC and lower deep-water 
velocities have been invoked during cold stadials (Broecker et al., 1985; Ganopolski and 
Rahmstorf, 2001), while enhanced AMOC seems to characterize the warm interstadials. 
Thus, hemipelagic muds (Facies H and G) between HE were most probably deposited 
during warmer periods with enhanced bottom water circulation. More vigorous bottom 
currents may have hampered deposition of fine terrigenous particles (Bender et al., 
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2012) and would explain the observed lower sedimentation rates, and higher Ca and 
lower Fe contents. Inversely, during extreme cold events a weaker (even stopped) 
AMOC could favour the deposition of fine material from the elevated margins including 
the exposed shelf areas. 
H4 is clearly identified across the entire basin. At this time, a massive arrival of 
icebergs to the GIB took place. IRD is concentrated in a thin layer (~5 cm) but cold 
surface waters persist during a longer period according to abundances of the polar 
species (Fig 2.7). As for the older HE, H4 shows elevated sedimentation rates and points 
to a source material from Laurentia (Moreno et al., 2002; de Abreu et al., 2003) based 
on the Ca high abundance peaks (Fig 2.4). A southern position of the Polar Front, which 
had always been located closer to the Iberian Atlantic Margin latitudes at this time, and 
massive melting of icebergs increase stratification of the upper part of the water column 
and reduced bottom-water formation in the northern North Atlantic (Eynaud et al., 
2009). A southern polar front migration to the GIB position during H4 changed the 
surface circulation regimen together with the fresh water invasion from the iceberg 
melting, and consequently, weak surface and bottom currents should be expected in the 
GIB during H4. This fact is reflected in the facies distribution panel for this period, 
lacking the extreme characteristic differences between the basin centre and the 
extreme. The uniformity in the oceanographic setting linked to the bottom waters 
slowed down and the surface currents inhibitions would be the cause of the not 
differentiation sediment distribution and deposition over the GIB. 
 
From H4 to H3 (39-30 cal ka BP) 
After H4, a remarkable change in the sedimentary pattern took place. In 
addition to the previously mentioned increase of sedimentation rates towards the 
eastern margin of the basin (Fig 2.10b), sand abundance, silt mean size (Bender et al., 
2012), and Fe and Ca contents (Fig 2.4) show significant fluctuations in this time interval. 
These observations suggest a combined effect of intensified bottom currents and 
enhanced and fluctuating sediment inputs from shallower-water regions due to a steady 
sea level fall, most likely related to the D/O cycles (Sierro et al., 2009; Lebreiro et al., 
2009). Progressively sinking sea levels could favour sediment reworking and winnowing 
on the outer shelf and upper slope thus enhancing sediment supply to the lower slope 
(Lanztsch et al., 2009). This material was potentially caught by an intensifying bottom 
current flowing along the slope and developing a contourite drift deposit generating 
contourite Facies F which is restricted to the lower continental slope area, showing a 
pronounced wedge shape with a thinning trend towards the basin center. Terrigenous 
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influence from the eastern continental margin did not reach this center, where 
hemipelagic processes prevailed with Facies C and desposited in the east and Facies H in 
the west. 
Regarding sea-surface conditions, relatively high percentages (>20 %) of N. 
pachyderma (sin) reveal the prevalence of relatively cold waters over GIB. Moreover, 
near of the continental margin, the abundance of the polar species reaches 60 % and a 
significant amount of IRD appears throughout this time interval, although in lower 
proportions than H4. 
 
From H3 to LGM (30-18 cal ka BP) 
This time interval is characterized by little compositional variability, and 
relatively high sedimentation rates (higher in the central GIB than on the continental 
slope). These conditions might be related to the rapid sea-level fall from 30 cal ka BP 
into the LGM lowstand at 21 cal ka BP (Clark and Mix, 2002). This could originate a 
higher sediment supply of fine sediments from emerged shelf areas during this time of 
decreasing sea level (Lantzsch et al., 2010; Bender et al., 2012). This time interval, with 
highest accumulation rate after sea level has stabilized at its lowest position, represents 
the phase of maximun build up and expansion of the contourite drift deposit, as result of 
an important increase in sediment supply (Fig 2.9). This depositional body was not 
restricted to the lower slope, but expanded towards the center of the basin, where 
contouritic facies (Facies E) appears interlayered with pelagic and hemipelagic deposits 
(Facies C and I). This growing phase of the contourite started at around H3 (~30 cal ka 
BP) and reached its maximum development during the LGM (Fig 2.3 and Fig 2.10c). A 
short period of contourite retreat towards the lower slope is recorded after H2 (Fig 2.3 
and Fig 2.10c), most probably due to a reduced AMOC intensity during this extremely 
cold period. Apart from increased sediment input, a relatively strong and constant 
bottom current is required to explain the new expansion of the contourite drift at ~31 
cal ka BP towards the centre of the basin. 
According to the current regional oceanographic regime, MW and LDW are the 
only two water masses could be involve in the contourite body growth due that keep 
the requirement of a northward flow. Therefore, a deeper MW or a shallow core of LDW 
must be invoked to build up the contourite at 2000 m mwd during glacial times. A more 
vigorous MW has been described in the Gulf of Lyon during the colder periods (Frigola et 
al., 2008; Sierro et al., 2009). Besides, reconstruction of SST from palaeoclimatic records 
from the Iberian Margin, (Martrat et al., 2004, Skinner and Elderfield, 2005) reveals that 
the LGM was not the coldest period of the last glaciation (Mix et al., 2001), focused the 
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coldest SST at the time of these periods. This fact could reinforced the hypothesis of an 
enhanced MW and that bottom circulation was more active then than during the colder 
stadials and HE. 
Contourite formation caused by this stronger and deeper MW during cold 
periods is detected at around 2000 m mwd in the Gulf of Cadiz and the western 
Portuguese margin (Schönfeld and Zahn, 2000; Voelker et al., 2006, 2009). However, 
Schönfeld and Zahn (2000) have established the limit of the influence of the glacial 
mode of MW to 39°N, and have suggested that waters from the Southern Ocean would 
replace NADW. The presence of an Antarctic water component in the GIB seems, 
however, very unlikely due to the depth of the relative shallow depth of the cores and in 
certain terms because no indications of calcium carbonate dissolution is observed from 
the studied samples. On the contrary, three relatively continuous layers of well-
preserved pteropods (aragonitic shells) recorded in the contourite (Fig 2.3). With 
estimated ages of the oldest at ~22 cal ka BP, the two layers ~18 cal ka BP (Fig 2.3) 
correlate well with similar pteropods layers described off Senegal, Morocco and Portugal 
during the Late Würm period (Diester-Haass and van der Spoel, 1978 and references 
therein; Baas et al. 1997; Alonso et al., 2008). These pteropods layers seems to occur 
frequently and are widely distributed along the NE Atlantic continental margins between 
latitudes of 20-42°N and at water depths of 1000-4000 m. Although some discrepancies 
about their ages exist, all of them are located in the LGM (24-18 cal ka BP) suggesting 
that no corrosive waters where present during this period. Then, this unusual pteropods 
preservation could be linked to friendly oceanographic conditions and/or positive 
biological effects allowing a strong proliferation during a short time interval. 
On the western margin of the basin, almost a resedimentation processes 
associated to the Galicia Bank slopes took place (Fig 2.10d). Some time near the end of 
H2 a turbiditic sequence (Facies J) was deposited resulted in sediment reworking and 
seafloor erosion, causing an hiatus which is estimated to span over 17 ka from H4 which 
is found at the base of the turbidite (~39 cal ka BP) to 21.94 cal ka BP that is found at the 
top. This turbidite represents ~40 cm of the sedimentary record (Fig 2.2) of the core 
FSG09-10, placed around 100 km far of the top of the Galicia Bank where would be the 
origin of this event. The age of this event would coincide with the “turbidity event 4” 
defined by Alonso et al. (2008) for the West flank of the Galicia Bank. The origin of this 
turbidity event would have to be related to tectonics pulses and not to sea level 
fluctuations. The position of this turbidity event at the East Flank of the Galicia Bank 
marks a common cause around the whole seamount for the turbidity events almost at 
these ages. 
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Although no more sandy turbidites are founded in the sedimentary records of 
the rest the cores for this time, attending to the Zr/Sr ratio (Fig 2.8), which is the ratio 
which mark a more prominent peaks for the turdidite events in the core FSG09-10, the 
cores FSG09-16 and FSG09-07 could be marking the presence of a significant terrigenous 
input. This input could be related, attending to the similarities with the terrigenous 
ratios of the FSG09-10, with a distal muddy part of a turbidite event or nepheloid layers, 
which happened between H2 and H3. These processes, regarding the absence of Zr/Sr 
peaks in this interval in the lower continental slope, mark a Galicia Bank origin, as 
happened for the turbidite interval of the core FSG09-10. 
The absence of a H3 and/or H2 from the eastern margin can be explained either 
by the fact that it is generally considered to be weak (Lebreiro et al., 1996) in 
combination with the potential presence of a warm surface current (Mena et al 2009) 
that would have been able to block the advance of icebergs towards the east (Fig 2.10c). 
The negligible percentages of N. pachyderma (sin) during this period and further 
micropalaeontological results such as other cold waters species (Mena et al., 2009), 
suggest the existence of a relatively warm surface current flowing close to the Galicia 
margin which might have blocked the arrival of iceberg swarms. Such a scenario would 
further explain the high abundance of IRD during H3 and H2 in the centre of the basin 
and their non-appearance at the lower continental slope. The modern regional 
hydrography shows a reinforcement of the IPC during winter times, when latitudinal 
density gradients increased because of the positions of the Iceland Low and Azores High 
(Varela et al., 2005; Herrera et al., 2008). Extrapolating this IPC seasonality into earlier 
times could explain the existence of a warm surface current during the glacial period 
(Mena et al., 2009). The southern position of the Polar Front enhanced the invasion of 
relatively cold waters into the study area increasing the latitudinal gradient and 
favouring the flow of southern-sourced warmer waters above the continental margin, as 
the IPC does nowadays. In fact, significant percentages of N. pachyderma (sin) are 
recorded from core FSG09-16 between H3 and H2, and reveal the persistence of 
relatively cool surface waters at this latitude supporting a more southerly position of the 
Polar Front and an increased latitudinal density gradient. On the contrary, the polar 
species is nearly absent in the continental slope area from H3 to H1, suggesting the 
existence of warmer surface waters during this interval. This temperature contrast 
between the eastern margin and the centre of the basin can only be explained by the 
arrival of waters from a southern province close to the continental slope. A palaeo-IPC 
seems to be a good candidate. This idea is in contrast with the postulated one by Bender 
et al. (2012) who suggested the onset of the northward and strong IPC no earlier than 15 
cal ka BP. In the present study, an earlier presence of IPC is based on the interpretation 
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of oceanographic surface proxies, i.e. the absence of the planktonic foraminifera species 
N. pachyderma (sin). This palaeo-IPC could be compatible with the coccolithophoride 
data showed in Bender et al., (2012), where no warm species appears (taking into 
account that it is happened at a global cold period). In the same way, the planktonic 
foraminifera assemblages shows a relative warm period for the eastern GIB (Chapter IV). 
Attending to the data described by Bender et al., (2012) at this time, where not 
significant interaction of this current with the lower slope took place, would be marking 
a IPC flowing enhanced confined to the more surface parts of the water column. 
At the end of this period, hemipelagic sedimentation prevailed (Facies H) over 
the entire basin (Fig 2.10d). Sedimentation rates decreased but remained relatively high. 
The hemipelagic Facies H could be attributed to moments of global status of vigorous 
deep circulation, as well as being linked to the fine terrigenous input from the widely 
exposed shelf areas (Lantzsch et al., 2009). Besides, the geometry of the younger 
sedimentary unit related with the facies H (Fig 2.3) seems to indicate that the contourite 
drift became reduce or stopped right after the LGM. The changes in the sedimentation 
rates between these periods (Fig 2.9) could mark an oceanographic change linked to the 
migration or the weakening of the MW core that stop to work over the deposited 
contourite body (Fig 2.10 d). This migration to an upper position in the water column 
changing thus the continental slope interaction area where not contourite bodies are 
found (Fig 2.1). This fact does not require a complete deactivation of the along-slope 
currents, but a change in the sedimentary processes at the lower slope or strictly at the 
core position is necessary. 
Attending to the Zr/Sr ratios (Fig 2.8), in the same way that the related 
nepheloid layers or distal tubidity records between H2 and H3, between H1 and H2 a 
relatively strong peak in the Zr/Sr is recorded. This material could have the origin in the 
nepheloid layers or the fine sandy turbidites related for the period prior to 18 ka by 
Bender et al. (2012), in the Galicia continental slope, helping this hypothesis the absence 
of the Zr/Sr peak in the core FSG09-10 (Fig 2.8). 
H1 is recorded over the entire basin (Fig 2.10d). H1 thickness ranges between 
30-50 cm along the basin, being thicker near the continental slope (Fig 2.3 and Fig 2.7). 
During this extremely cold event, the percentages of N. pachyderma (sin) are even 
higher than in previous HE, reaching concentrations of up to 95 %. These findings reveal 
that H1 is the strongest cold event recorded in the GIB, in agreement with other 
continental and marine records from the Iberian region (Bard et al., 2000; de Abreu et 
al., 2003; Roucoux et al., 2005). 
Sedimentation rates were lower than during the LGM but remained relatively 
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high in comparison with the Holocene record, particularly at the lower slope indicating 
the importance of the terrigenous inputs from exposed shelf areas during cold periods 
(stadials). The collapse of the bottom circulation due to melt water pulses (Hall and 
McCave, 2000) coincides with the end of contourite development at the lower slope of 
the GIB during H1. After H1, bioturbated hemipelagic deposits extend over the studied 
transect (Facies D), forming an unit tapering out to the West (Fig 2.10e). This unit is 
interbedded with pelagic sediments in the center of the basin, suggesting that the main 
source of fine terrigenous material comes from the eastern margin and neighbouring 
exposed areas. After ~15 cal ka BP, sedimentation rates decrease, more or less in 
coincidence with an increase in carbonate content. During the early phase of deglacial 
sea-level rise (18-15 cal ka BP; Hanebuth et al., 2012), an intense reworking of shelf 
sediments has been documented (Lantzsch et al.; 2009, 2010) causing winnowing of the 
fine fraction on the adjacent shelf, which was exported to the slope producing high 
sedimentation rates (Bender et al., 2012). Bender et al. (2012) have recently proposed 
an intensified IPC after 15.5 cal ka BP to explain the significant grain-size coarsening at 
the Galicia continental slope. The IPC would need to be intensified not only at the 
surface of the water column, as was postulated before, but also at the bottom. This 
reinforced current would provide the hydrodynamic energy to export and transport the 
coarse material from the outer shelf. At the end of H1 the percentages of N. 
pachyderma (sin) fell drastically down to ~10 % and increase later to 20 %. This negative 
excursion probably correlates with climatic fluctuations during the deglaciation (Bølling-
Allerød and Younger Dryas; Bender et al., 2012). 
An alternative explanation to the origin of the terrigenous contribution to Facies 
D might be the development of bottom nepheloid layers as a source for siliciclastic 
material associated to shallower along-slope currents and redistribution of particles by 
an abruptly resuming AMOC after H1 (Hall and McCave, 2000; McManus et al., 2004). 
During deglacial climatic warming and sea-level rising a strong reorganization of 
intermediate and deep water masses might take place (Clark and Mix, 2002). Assuming 
that the contourite drift, developed at the lower continental slope, could have resulted 
from a deeper and stronger glacial MW, the migration of the lower boundary of this 
water-mass into shallower water depths might have occurred during deglaciation. A part 
of the fine material transported or reworked by the MW would then be exported to 
deeper waters and redistributed by active bottom currents. Nowadays, MW lower water 
mass is located at ~1000 m water depth. Morphological features of its effects on the 
Galicia margin can be identified at 800-1000 m depth. Erosive terraces covered by sand 
have been associated with the interaction of MW with the margin (Hernández-Molina et 
al., 2011) and winnowed fine material must necessarily be transferred along-slope to 
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other areas or downwards into the basin. 
 
Holocene (11 cal ka BP to present) 
The most prominent change in sedimentary patterns occurred at ~11 cal ka BP, 
at the onset of the Holocene. During this period (Fig 2.10f), two new pelagic facies 
looking quite different from the older units, are present across the basin (Facies B and A) 
showing a dominance of planktonic foraminifera sands. The biogenic dominance is also 
revealed by a sharp increase in carbonate content (Ca) and a parallel decrease of the 
terrigenous influence (Fe). These observations are also coincident with the end of the 
transgressive reworking on the shelf (Bender et al., 2012), dated to ca. 10 cal ka BP by 
Lantzsch et al. (2009, 2010). The palaeo-coastlines were close to their modern position 
with a widely flooded shelf at this time. The rate of sea level rise was strongly 
decelerating, reaching its modern level at around 6 cal ka BP. Therefore, most of the 
detrital input was on the inner shelf and inside the Galicia Rías Baixas (Pena et al., 2010). 
The pelagic nature of Holocene sediments is both caused by less terrigenous dilution 
and, most importantly, by the strongly enhanced marine productivity occurring with the 
Holocene warming and the retreat of polar waters (Eynaud et al., 2009). At around 11 
cal ka BP, the percentage of N. pachyderma (sin) fells to values close to zero and the 
total abundance of coccoliths and of warm-water coccolith species increased drastically 
(Bender et al., 2012). This fact is in agreement with other findings from the Iberian 
margin that revealed an enhanced Holocene productivity (Baas et al., 1997; Bard et al., 
2000; de Abreu et al., 2003; Schönfeld et al., 2003; Lebreiro et al., 2009). Higher 
productivity is also reflected in benthic life at the time as evidenced by the profuse 
bioturbation observed in the sediments, especially in the earlier part of the unit 
dominated by Facies B. 
At the western margin, the base of the Holocene appears partially eroded by a 
silty-sand turbidite bed (FSG09-10, Fig 2.2, Fig 2.7 and Fig 2.8). It is not possible to 
establish the precise age of this event, but it took place between the base of the 
Holocene and 8.2 cal ka BP. This turbidity would be correlated with the “turbidity event” 
1 (Alonso et al., 2008), the youngest turbidite founded at the western flank of the Galicia 
Bank just prior to 9.1 cal ka BP. The trigger for this event, as was explained before, 
would be related to tectonics causes, and not relation with the sea level could be 
invoked due to the position and depth of the Galicia Bank as origin place for these 
events. Synchrony between both sides of the Galicia Bank can be described for this 
event, establishing another difference with the turbidity events with origin in the Galicia  
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Figure 2.10: (previous pages) Schematic evolution of the GIB sediment filling during the successive 
depositional time intervals: a) Between 60-39 cal ka BP a succession of HE and some intercalated units was 
developed, but without apparent differences in the basin margins. b) Between 39-30 cal ka BP the first clear 
evidence of the contourite deposit is shown hinting to the action of along-slope currents. The absence of H3 
in the eastern part of the transect indicates a different pattern, contourite deposits of the east margin and 
the pelagic and hemipelagic sedimentation of the centre and west margin of the GIB. c) Between 30-22 cal 
ka BP, a similar situation occured, with a major action of an along-slope current in the eastern half of the 
basin leading to contourite deposition. d) During H1 (15 ka) the strong lateral differences in basin 
sedimentation patterns disappeared and the imprint of the cold event extended over the transect. e) After 
H1 occurred an oceanographic status with a reconfiguration in the intermediate water circulation to present 
conditions. In terms of the MW, the ascent of this water mass (MW) in the water column could favour the 
supply of material from shallower areas of the continental slope. f) Present configuration with the 
continuous Holocene sediment coverture over the entire basin. 
slope, where only pre-LGM events where found in the sedimentary records (Baas et al., 
1997; Hall and McCave, 2000; Bender et al., 2012) 
The most recent pelagic cover (Facies A) records a slight decrease in Ca content 
and an increase of Fe over the past millennia indicating a higher contribution of detrital 
particles. The age of the boundary between Facies B and A cannot be precisely 
established due to the limited thickness of Holocene sediments but, according to the 
age model of this study, this boundary might be estimated as ca. 5-4 ka old (cp. Bender 
et al., 2012). This age is close to the onset of the mid-shelf Galicia mud belt at 5.3 cal ka 
BP (Lantzsch et al., 2009) and a climate change at ~4.2 cal ka BP, recorded on the Galicia 
shelf (González-Álvarez et al., 2005) and in the neighbouring Ría de Muros (Pena et 
al.,2010). Currently, fine sediments are probably resuspended from the Galicia mud belt 
by deep storm-related turbulence (Vitorino et al., 2002) and transported off-shelf in the 
form of intermediate and bottom nepheloid layers (Hall et al., 2000). Shelf detrital grains 
are not restricted to lower slope areas, but are present also in the central basin and 
even at the western margin. Accordingly, a certain energy level is required to distribute 
detrital material across the basin. Stormier conditions that could be responsible for 
these changes occurred about 5-4 cal ka BP (e.g., deMenocal, 2001). 
 
2.7. Conclusions 
A detailed facies identification recorded in six cores from an E-W transect of the 
Galicia Interior Basin (GIB) has permitted the reconstruction of significant sedimentary 
changes and related processes. Sea-level and climate changes have been the main 
factors controlling the sedimentary infill, highly influenced by the palaeoceanography. 
Sea-level determines to a large extent the terrigenous sediment input, while the climate 
cycle controls the circulation of water masses, marine productivity and reworking of 
detrital particles. Sedimentary architecture and geochemical and micropalaeontological 
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features reveal five periods over the past 60 cal ka BP showing different climatic and 
oceanographic settings that triggered different processes and the development of 
distinctive sedimentary enviroments. In general, sea level mainly controlled the 
terrigenous sediment yield from the surrounding shallow-water areas as the Galicia 
continental shelf. High-frequency climate fluctuations determined changes in water-
column, having a strong impact on intermediate and deep currents interacting with the 
bottom topography. As a major characteristic feature of the palaeoceanography of the 
area during the glacial times, what modulated the configuration, distribution and action 
of the currents, was the northward direction of the water masses, mostly at the eastern 
margin of the GIB. The principal conclusions about the five periods present in the GIB 
are: 
1.- Between 62 and 39 cal ka BP, fluctuations of bottom current intensity related to D/O 
and Bond cycles controlled facies distribution. Extreme cold events from H6 to H4 have 
been identified in all cores. Enhanced sediment input and reduced current intensities 
permitted sedimentation of continuous and relatively thick layers during these events, 
while condensed hemipelagic layers were deposited between HE, because a more active 
circulation hampered sedimentation. 
2.- After H4 an important change took place on the east margin and the interaction of a 
northwards bottom current with bottom topography built a contourite drift restricted to 
the lower slope. Detrital material was mainly deposited there and pelagic sediments 
deposited toward the central basin. 
3.- From H3 until the end of LGM (~18 cal ka BP) the contourite drift expanded towards 
the center of the basin as a consequence of enhanced terrigenous input related to 
pronounced sea-level fall and an along-slope reinforced current, probably a deeper and 
reinforced glacial mode of MW. Surface circulation changed also during this period. H3 
and H2 are not found in the eastern part of the basin potentially due to the presence of 
a northward relatively warm surface current similar to the present IPC. 
4.- H1 is the strongest abrupt cooling recorded in the GIB and caused the collapse of 
bottom circulation and thus the end of contourite development. After H1 the rapid 
warming and sea-level rise caused the reorganization of water-masses and sediment 
sources. In this context the detrital influence progressively decreased and fine 
terrigenous sediments reaching the basin were delivered by transgressive winnowing of 
the continental shelf. 
5.- During the Holocene biogenic pelagic sediments have been dominant due to the 
combined effect of enhanced marine productivity and reduced terrigenous supply. Most 
part of the detrital particles became trapped on the shelf and adjacent Rias Baixas as a 
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consequence of Early Holocene sea-level rise. Nevertheless, the terrigenous influence 
has slightly increased during the Late Holocene probably due to stormier conditions on 
the shelf during the last 4-5 cal ka BP. 
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CT-scan as a new sedimentological method: 
Tomographic characterization of the GIB and the 
development of anidoC as a specific software 
 
 
 
 
3.1 Introduction 
During the last years the study of sedimentary cores has been approached from 
a multi-disciplinary point of view and using novel techniques (Tucker, 1991; Fischer and 
Wefer, 1999; Rothwell, 2006). By means of these techniques relevant data can be 
obtained, allowing more complete and accurate interpretations. Non-destructive 
methodologies have been developed in order to obtain, for example, physical properties 
of sediments, elemental composition or the internal structure. Some of them can be 
applied without the needing to split the cores and disrupt the sediment, allowing 
correlation between cores, more efficient sampling strategies, and lower human and 
economic costs. 
In particular, CT-scan has been employed in Geosciences from few years ago for 
sediments and rocks in general (Kenter, 1989) and for few marine cores (Orsi et al., 
1992; Wonn et al., 1993; Orsi et al., 1994), but its use has not been spread probably due 
to the high costs of specific equipment and the difficult access to conventional (medical) 
scanners for other uses. 
A summary of the uses and applications of the CT in Geosciences was compiled 
by Mees et al., (2003). In this work no mention to marine sediments analysis with the CT 
is presented and few significant works are devoted to no-consolidate sediment from 
soils and lakes. In general, the major application of this technique is based in geo-technic 
studies (Duliu, 1999). Recent studies started to use the CT-scan in marine sediments and 
other materials with the numeric significance of the CT-data (St-Onge and Long, 2009; 
Duchesne et al., 2009; Gagnoud et al., 2009), opening the study of the CT-scan as a really 
useful and powerful technique for a large range of marine cores studies. 
CT-scan is a powerful tool for sedimentary cores analysis because it provides a 
large raw-data file of radio-densities that can be treated by means of appropriate 
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software in order to obtain high-resolution 3D and 2D pictures of desired orientated 
sections. It allows distinguishing intervals based on different densities, sedimentary 
structures, concentration and distribution of particles, etc. 
In this work a technical protocol to obtain CT data from deep-sea cores is 
described and applied to the analysis, characterization and interpretation of five cores 
from the Galicia Interior Basin (GIB). The tomographic characterization of facies of the 
GIB is provided in this work. Tomographic data have been treated by means of new 
software called anidoC. This specifically developed software allows features 
discrimination based not only on visual observation, but on objective criteria also. Thus, 
anidoC represents a new sedimentological tool that together with classical 
methodologies can improve basin analyses. 
3.2 Material and Methods 
Galicia Interior Basin (GIB) is a narrow (100 km) N-S orientated basin located at 
the NW of Iberian margin and delimited by the Galicia Bank to the West and the 
continental slope to the East (Fig. 3.1). Holocene sediments are mainly from pelagic and 
hemipelagic origin, but turbidity and contouritic processes has been identified during 
the last glaciation, as well as glacio-marine intervals (Bender et al., 2012). Five gravity 
cores covering the last 63 ka (Chapter II) have been retrieved along a latitudinal transect 
at depths between 2150 and 2780 m (Table 3.1). 
Table 3.1: Location and age of the Galicia Interior Basin cores. 
Core Depth Recovery Latitude Longitude Base core age 
 
[m] [cm] [°N] [°W] [~Ka] 
FSG0909-17 2156 329 42,26 9,72 38 
FSG0909-16 2708 390 41,99 10,28 62 
FSG0909-07 2393 335 42,16 9,84 38 
FSG0909-09 2707 342 42,17 10,19 53 
FSG0909-10 2779 230 42,14 10,51 58 
 
Before opening the cores they have been analyzed using a medical equipment of 
Computerized Tomography (Helicoidal Multicut ECLOS, HITACHI) placed at the 
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University Veterinary Hospital Rof Codina of Lugo (Galicia). Later, the cores have been 
analysed combining non-destructive (physical properties and XRF elemental 
composition) and destructive (sedimentary, micropaleontological and stable isotope 
analyses) methodologies in order to compare tomographic results with other data 
obtained by means of more classical techniques. The age model of the records was 
obtained by means of AMS-14C that together with the correlation with other reference 
records allow to build up of the chronoestratigraphy of the study area (Chapter II; 
Chapter IV; Chapter V). 
 
Figure 3.1: Location of the cores FSG09 along the transect from the Galicia continental slope to the east 
flank of the Galicia Bank crossing the Galicia Interior Basin (marked by the pointed area). 
3.3 Facies identification in the Galicia Interior Basin  
Over the studied cores of the GIB a general description of facies was done by 
means of conventional techniques and visual characterization (Chapter II). The identified 
facies can be grouped in five basic groups that represent the deep-sea most common 
facies (Fig. 3.2). The principal sedimentary characteristics of these facies (Fig. 3.2) are 
showed in the next paragraphs, extracted from the Chapter II attending to the 
characteristics that predictably could be easily recognizable in the CT-data. 
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Figure 3.2: Longitudinal pictures, X-ray orientated images and facies schematic description for each core of 
the GIB based on previous work (Chapter II). The black lines mark the correlation between the HE identified 
in the GIB in each core. 
 
Pelagic Facies 
They are massive or poorly laminated, white to brown, very fine sand and silt. 
Clay is very scarce or absent. Composition consists of biogenic carbonate grains, mostly 
foraminifera, mixed with some terrigenous grains (quartz, micas, glauconite and heavy 
minerals). Bioturbation intensity ranging from medium to intense, but horizontal tracks 
are more common towards the east where Zoophycus is common. 
Hemipelagic Facies 
They consist of massive or laminated, olive green to tan (less often gray), poorly 
sorted, siliciclastic silt (quartz, micas and fairly abundant heavy mineral grains) and silty 
sand mixed with skeletal grains (mostly foraminifera and some mollusc shell fragments). 
An intense bioturbation, showing vertical and horizontal tubes and Zoophycus is a 
prominent aspect of this facies. Pteropoda concentrations can be locally observed.  
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Contouritic Facies 
They consist of massive or coarsely laminated, homogeneous greenish-gray to 
tan, poorly sorted, siliciclastic silt and very fine silty sand. The sand fraction consists 
mainly of dark mineral grains and bioclastic components (foraminifera and pteropods 
shells). Frequent Pteropoda fragments appear in some cm-scale levels. Bioturbation 
ranges from common to scarce, in the form of horizontal or inclined Rhyzocorallium 
tracks. Vertical tubes are also common, mostly in the lower part of the unit containing 
this facies. This facies could be established as the most homogeneous facies, without 
significant changes or remarkable features along the studied transect.  
 
Turbiditic Facies 
Dark gray to tan, well sorted, fine to medium sand and silt, showing parallel and 
cross-lamination; the basal coarser interval is composed mostly of siliciclastic grains 
(chiefly quartz, muscovite and chlorite), which are mixed with some bioclastic material 
(foraminifera, mollusc and echinoderm fragments). Towards the top they are gradually 
finer, massive and bioturbated and have more carbonate components. This facies form 
fining-upward sequences with an erosive base, wedging out rapidly toward the east. 
 
IRD layers 
Generally massive or poorly laminated, tan to gray, well sorted silty matrix of 
mixed siliciclastic-carbonate composition. In spite of some variability in grain size and 
composition, the distinguishing aspect of this facies is a noticeable or prominent amount 
of coarse detritals of both, siliceous and carbonate composition, which can be 
interpreted as ice rafted debris (IRD). Bioturbation is common; sometimes Zoophycus 
can be very intense. This group forms decimeter-scale, tabular, laterally continuous 
units, although some of them vanish toward the eastern margin (the continental slope). 
 
3.4 CT-scan principles 
The CT-scan is based in the attenuation of the X-ray that crossed the samples 
building up a pixel map that quantify this attenuation. The X-ray are attenuated as they 
pass through, in this case, the cores following the Beer’s law (1) 
             (1) 
where I is the intensity of the transmitted X-ray and I0 correspond with the incident 
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intensity. The parameter µ is the linear attenuation coefficient that depends specifically 
of the material and x is the sample thickness (Knoll, 1999). 
The coefficient µ depends of effective atomic number and the density of the 
investigated samples or objects following the semiempirical relation established by 
Curry et al. (1990). Effective atomic number effects could affect too to the X-ray 
attenuation and modify or alter the relationship between the real-density and the radio-
density obtained. Nevertheless, measured radio-densities are representative of real 
fluctuations of density along the cores and they can be considered as a semi-
quantitative proxy. Attending to the published CT-scan works in sediment (Duchesne et 
al., 1999), for the techniques characteristics of this work together with the sediment 
composition the effective atomic number effect in the attenuation coefficient could be 
reduced and ignored. 
The CT-scan study includes the measurement of the X-ray beam attenuation in a 
constant distance (x) and multiple angles for the same point in the cores. The 
corresponding multiple projections of a point of the core will determine a section 
through the object. The algorithm reconstruction of this section measured 
simultaneously allows determining the 2D distribution (x, y) of the coefficient 
attenuation. Each point of this distribution corresponds with a voxel (volume element) 
that correspond with a single value of the attenuation coefficient, µ(x, y). The multiple 
sections reconstructions that can be measured along the core build up the attenuation 
coefficient matrix data with a resolution corresponding with the voxel dimensions. The 
assembling of this data matrix would produce a complete 3D attenuation coefficient 
distribution of the cores with the numerical corresponding values. These values are 
expressed using the Hounsfield Units (HU) that follows the equation (2) 
   
        
  
      (2) 
where μw  is the attenuation coefficient of the water. Following the equation (2), the 
higher μ are related with the higher values of HU. 
3.5 The use of the CT in the Galicia Interior Basin 
3.5.1 CT-scan images acquisition 
The coefficient of attenuation of the X-Ray by the PVC pipe could change for 
each kind of this material and for cores of different diameter also. For these reasons in 
this work only cores with the same diameter and PVC pipe have been used. 
The protocol for images acquisition balances the use of the maximum power 
emission of the equipment, in order to obtain the maximum resolution, and the 
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maintenance of the emission tube. Due to the scanning of the complete core (2-4 m 
length) originates too heavy files and difficulties to accelerate the work, it is addressed 
also to an easier management and storage of data, trying a balance between files size 
and easiness to process digital files. In short, the designed protocol aspires to juggle the 
maximum information and resolution for each core and the easier data files processing. 
In particular, 50 cm series were chosen as maximum length of core sections. For 
this length a total of 808 cross slices 0.625 mm wide was obtained (8 slices every X-ray 
tube rotation), giving a resolution per “voxel” (volumetric pixel or cubic unit 
representing a 3D object, Duliu et al., (1999)) of 0.2 x 0.2 x 0.625 mm. Using these 
acquisition parameters, the size of the file by each 50 cm series of the core containing 
raw data is around 408 Mb.  
As a particular characteristic, mainly muddy sediments constitute cores analysed 
in this work and this fact determines the resolution of measurement with the CT-scan. 
The highest resolution used is 0.625 mm, a value higher than the size of the most part of 
particles forming the sediment, and thus every voxel represents the average radio-
density of all grains and pores included in that voxel. On the contrary, when particles 
larger than 0.625 mm are present, the value of the voxel of group of voxels is directly 
related with the density of that particle. 
3.5.2 AnidoC software 
CT-data analysis has a large development in terms of image treatment and 
visualization due to the widespread medical use for which this method was designed. In 
this work the CT-data from each analysed core (split in several files containing data from 
every 50 cm-sections) were preliminary processed by means of medical image 
visualization programs. The most reliable images were obtained using free software 
MRIcro (Rorden and Brett, 2000), designed to brain images visualization. It gives 3D and 
2D images of the core orientated according axis and planes selected by the user where 
intervals with different sediments and sedimentary structures can be distinguished. 
Also, it is possible obtaining longitudinal X-ray pictures every 0.63 mm, instead the width 
integration obtained by the use of classical X-ray method, achieving higher resolution 
images. Besides, it enables a better visualization of internal structure of the sediment. 
Although obtained images are very useful itself for sedimentary purposes, the 
numerical data can be exploited more exhaustively for facies discrimination and 
identification of specific particles (>0.63 mm) embedded in the sediment. With the aim 
of processing numerical data from scanned cores the specific software anidoC has been 
developed as a novel method for sedimentary analysis of deep-sea cores, although it can 
be employed for other uses. 
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AnidoC is a computer application written in language C and designed to process 
and analyse the radio-density data in Hounsfield Units (HU, Hounsfield, 1973) obtained 
by means of CT-scan. The program has been designed for accomplishing two 
procedures: 1) Obtaining vertical radio-density profiles of the studied cores, and 2) 
Selection and quantification of precise radio-density ranges in order to identify specific 
sedimentary components revealing particular events (e.g. Heinrich Events). Both 
procedures operate on a defined Region of Interest (ROI). Due to the cylindrical form of 
cores, the ROI consists on a circle centred in the longitudinal axe of the core with a 
diameter defined by the user. The main aim of a proper ROI definition is to remove 
spurious density values of disturbed sediment in contact with the plastic pipe of the 
core. AnidoC calculates the mean radio-density of the ROI, but it can compile the value 
of consecutive slices, giving the value of a Volume of Interest (VOI). Working whit the 
compilation of consecutive slices reduces the resolution, but it enables an easier data 
processing. One problem working with cores consists on isolating the signal of the 
sediment from that of the PVC because both radio-densities could fall in the same range 
of values (1100-1300 HU). In order to avoid the PVC signal, only VOI diameters lower 
than 7 cm have been employed for cores having a diameter of 7 cm (Fig. 3.3). 
 
Figure 3.3: Definitions of the VOI radios used in this 
work with the color scale employed for the graphic 
results of the anidoC. 
 
The use of ROI or VOI, depending of the work requirements, not only eliminates 
or reduces wrong values, but also could characterize the dispersion of the radio-density 
in the slice and to quantify the data. The quantification of the radio-density dispersion is 
possible because the ROI, or the VOI, allows to discriminate the sediment distribution in 
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the horizontal plane based on the counts of relative abundance of the determined 
density with respect to the ROI or VOI total volume of data. 
AnidoC performs both procedures on a VOI defined by the user according the 
required vertical resolution and it offers two outputs: 
 
Radio-density profiles (anidoC_profile): 
To compare the CT-scan data with other proxies measured in a core is important 
to have a vertical profile of the radio-density values. This tool allows also a graphic 
display of vertical distribution of radio-densities along the core, similar to those 
obtained with other devices. 
The radio-density of a VOI consists on the average value of every mean radio-
density values of ROIs contained in that VOI. Therefore it depends on the ROI diameter 
and the vertical resolution, both selected by the user when the program starts. Working 
with average values reduces the huge volume of data delivered by the CT-scan (one 
value per voxel) but it preserves significant differences along the core, making easier the 
comparison with other proxies. 
 
Identification and quantification of radio-density ranges (anidoC_histogram): 
AnidoC allows also a detailed analysis of the different radio-densities inside a 
given ROI or VOI. For this task the user defines a radio-density range and the program 
gives the number (or percentage) of voxels with values comprised into the range. In this 
way, anidoC can be used as a digital diagnosis tool because it is able to looking for 
specific components or features of the sediment, as for example, ice rafted debris (see 
later). 
 
3.5.2 Visualization and visual treatment of GIB cores 
For this work only one configuration of CT-scan data process has been used. The 
CT-scan data series were exported as DICOM files. The software MRicro (Rorden and 
Brett, 2000) was used to compile the DICOM files of each core section in a single file of 
HDR format. Attending to the most common section lengths of the cores, this HDR file 
corresponds to a section of 1 m long with a size of around 808 Mb. 
The digital treatment of the data of the CT-scan as pictures enables the use of 
conventional image treatment programs. The application of different contrast and 
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brightness, the visualization window based on the radio-density ranges and the high 
resolution of the data, allow a detailed tomographic characterization and monitoring of 
the density changes along the whole core. 
The visual treatment of the CT-scan data, and the visualization of the core 
sections as a traditional radiography is the application more comparable with the 
classical X-Ray analysis using in core studies. The improvement that the CT-scan 
introduces to the conventional methods, as it was mentioned before, is the possibility to 
see several pictures or longitudinal or oblique cuts in the plains constituting the whole 
core. The large ranges of radio-denstiy data included in the CT-scan matrix data goes 
from negative values (for air spaces) to 6000 HU for the densest particles. This fact 
requires establishing particular contrast and brightness windows to generalize or to 
focus the view of the radio-density of the study area, the whole core, or a specific 
interval. These treatments allow the possibility of use a specific visualization window for 
particular features or radio-density variations of the sediment (Fig. 3.4). The 
visualization of whole core in selected density ranges allows the isolation of particular 
density values which could be easily translate to specific structures, objects or features 
with a differentiated density signal (Fig. 3.4). 
 
Figure 3.4: Representation of the core FSG09-10 section, between 150-180 cm, using different visualization 
windows of brightness and contrast in the medical software MRicro. A: optimum visualization for the radio-
densities present in the section, 950-1250; B: 850-200; C: 1200-350; D: 1450-300; E: 1500-10. 
For the acquisition and visualization of the showed pictures (Fig. 3.2) the most 
suitable combination of brightness and contrast was used trying to optimize the direct 
comparison of all the data and images obtained for the cores. Only for required intervals 
or sections other visualization windows (marked by a red star in the figures) were used 
to highlight features that would be hidden in common visualization ranges. 
The visualization software MRicro for the CT-scan data involves several radio-
density predefined scales (colors scale). In order to obtain the maximum information of 
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the data and to get the better information about the radio-density amplitude data, the 
color scale used for represent all the pictures of this work was the “rainbow” scale. This 
scale is composed by a high number of colors that classify and differentiate the 
maximum number of radio-density ranges. 
New possibilities of analysis are opened with these tools, in this case, for the GIB 
cores. As an example, in the Figure 3.2 it is possible to observe, using the same 
visualization window, the direct comparison between studied cores in terms of radio-
density. This figure allows a direct color identification of density intervals, that for the 
used visualization parameters, corresponds mainly with the sedimentary facies 
identification (Fig. 3.2) recorded in the cores (Chapter II). 
 
3.6 Results 
3.6.1 Tomographic characterization of GIB facies. 
The correlation of the identified facies with the radiodensity colour divisions 
presented in figure 3.2 allows improving the facies characterization with this new 
technique. This tomographic characterization would be the most direct improvement 
and application of the tomography as a sedimentary technique. In the next sections the 
main tomographic characteristics and features would be described for each facies 
identified in the GIB (Chapter II). This characterization was developed using the high 
resolution and the 3D reconstruction of the selected intervals corresponding for each 
kind of facies of the GIB. Only the most representative intervals of each kind of facies 
will be showed in the figures. 
The cores of the GIB are a good example of an initial facies tomographic 
characterization because most of the typical deep ocean facies are present in this basin 
(Hüneke and Mulder, 2011). 
 
Pelagic facies (Figure 3.5) 
This facies shows the highest radio-density values (Fig. 3.5), moreover towards 
the top of the cores, the interval of Holocene age. The tomographic images (Fig. 3.5) of 
this facies show a very continuous and homogeneous unit sometime disrupted by a 
strong Zoophykus-like bioturbation (Fig. 3.5). The tomographic homogeneity (analogous 
to that observed from the sedimentary description) is linked to the high density of 
dominant calcareous planktonic particles, suggesting a pelagic origin of this unit. 
In general, the bioturbation is easily identifiable in the tomographic signal and 
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even it is possible to distinguish the kind of bioturbation in some cases. Some of the 
bioturbation (Chapter II) introduce high density sediments from the upper part to the 
base of this unit, giving a subtle alternation of levels of contrasted density (base of the 
unit, Fig. 3.5).  
As a general characteristic of the bioturbation present in the pelagic facies and 
in general in all the facies of the GIB, a high radio-density cover surrounding the biotur- 
 
Figure 3.5: Perpendicular tomographic images of a representative section characterized by Pelagic facies 
for the GIB (core FSG09-07). The axial pictures correspond to the section A-B, an interval where zoophycus 
exists. The section C-D corresponds with a high bioturbation abundance of zoophycus at the base of the 
pelagic facies. 
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bation can be defined. This fact could be linked to a possible abundance of calcium 
carbonate (from biological origin) link to the organism responsible of the bioturbation. 
(Ekdale and Berger, 1978). 
 
Hemipelagic facies (Figure 3.6) 
The hemipelagic facies presents some similarities to the pelagic facies described 
above. This facies shows too a very homogeneous sediment distribution, without 
significant lateral changes along the sedimentary units that conform it. These 
homogeneous sediments are also bioturbated but radio-densities of organic tracks are 
lower than those of previous facies. This facies presents the lowest density of the cores 
(Fig. 3.6), and a clear lower-higher density succession that became smoothed in 
comparison with the higher radio-density global range recorded in the GIB (Fig. 3.2). 
The hemipelagic facies showed on Figure 3.6 shows two characteristics features, 
the yet described bioturbation present in two kinds, the yet identifiable Zoophycus 
ichnofacies and a new one composed of redounded group of low density aggregations 
marked in the Figure 3.6 that are present in more parts of the records.  
 
Contouritic facies (Figure 3.7) 
The identification of contourite facies by conventional sedimentological criteria 
is very problematic. The origin of this facies has been interpreted based on seismic 
profiles, where an elongate drift can be distinguished close to the continental slope 
(Bender et al., 2012; Chapter II). Cores GeoB 11035 and FSG09-07 have been retrieved 
from this sedimentary body. This facies shows the most homogeneous tomographic 
signal and it includes intervals with the highest radio-density (Fig. 3.2). This facies is 
characterized by a profuse bioturbation (Chapter II) that probably is the cause of the 
significant homogeneity observed. The small size of bioturbation structures does not 
permit their identification. The distribution of radio-densities, with higher values in the 
central interval, coinciding with coarser grain sizes recall the contourite sequence 
described by Stow and Faugères (2008). The sequence of axial slides for this facies 
showed on Figure 3.7 shows the horizontal homogeneity along the interval and for all 
the sediment. It establishes too significant differences too with the previous described 
characteristics for other the facies of the GIB (Fig. 3.5 and Fig. 3.6). 
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Figure 3.6: Perpendicular tomographic images of a representative section characterized by Hemipelagic 
facies for the GIB (core FSG09-16). Low radio-density values characterize these facies, together with the 
presence of an intense bioturbation tracks are also marked by sections A-B and E-F (with other parameters 
(red star) to optimize the identification of these structures). Section C-D represents the central part of the 
facies with the lowest radio-density and a central burrow, easily identifiable in the axial pictures. 
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Figure 3.7: Perpendicular tomographic images of a representative section characterized by Contouritic 
facies for the GIB (core FSG09-07). Axial images correspond with the marked points of section A-B as an 
example of the axial core configuration along the facies. 
 
Turbiditic facies (Figure 3.8) 
Only the westernmost core (FSG09-10) shows turbiditic intervals. This facies exhibits a 
clear crossing lamination and significant variations of the grain size (Chapter II) that are 
reflected in the radio-density values (Fig. 3.8). The radio-density of this facies is one of 
the highest of the GIB cores. From both turbiditic intervals of core FSG09-10 showed in  
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Figure 3.8: Perpendicular tomographic images of two sections characterized by Turbiditic facies for the GIB 
in core FSG09-10 Images with other visualization parameters that optimize the identification of the 
lamination and the structure of the turbiditic are showed with a red star. The 3D image corresponds to 
differentiation between turbiditic interval and H4. The white lines were painted to facilitate the 
visualization of the features of the interval. 
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Figure 3.8, the alternation of high (higher than the average of the rest of the sediments) 
and lower radio-density layers is the most significant characteristic. Attending to the 
visualizations of axial slices of the core, in this lamination it is easily identifiable the tilt 
of this lamination, acquiring in some details of the tomography (Fig. 3.8) a resemblance 
with the typical cross-lamination. The erosive character of the base of this facies is 
clearly recognized too in the tomographic signal. This erosive surface is showed by a 
high contrast between the turbidites and the hemipelagic facies (Chapter II). 
 
IRD layers (Figure 3.9) 
The most conspicuous feature of this facies is the presence of coarse and dense 
IRD embedded in a finer matrix of lower density (Fig. 3.9). This facies appears in discrete 
and continuous intervals. The IRD layers and the particles which conform they are 
founded easy in the tomographic data, and their radio-density can be selected 
accurately and employed with anidoC. 
 
3.6.2 AnidoC results for GIB cores 
3.6.2.1 AnidoC radio-density profiles 
The average radio-density of the VOI from the studied cores ranges between 
600-1300 HU. Although the general trend of the vertical radio-density profile is gradual, 
drastic excursions can be seen at several levels of the cores (Fig. 3.10). No significant 
differences have been found using different VOI diameters but, in general, longer 
diameters give higher radio-density values, except from the upper part of the cores, 
where radio-density values are similar regardless of used diameter. Usually, the abrupt 
changes in the radio-density profiles have similar mean values regardless the VOI radios 
used. Inversely, the intervals with relative constant values reflect the higher radio-
density differences for the VOI radios selected (Fig. 3.2 and Fig. 3.10). Other remarkable 
characteristic of radio-density profiles (Fig. 3.10), and perceptible in the CT-scan 
comparison of cores from the GIB (Fig. 3.2) is the decreasing trend from East to West of 
the mean radio-density values (Fig. 3.10) and also in the radio-density assigned colours 
(Fig. 3.2). This fact reveals a decrease of the radio-density values of a given facies 
towards the centre of the Galicia Interior Basin (Fig. 3.10). 
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Figure 3.9: Perpendicular tomographic images of two sections characterized by H1 and H4 for core FSG09-
16. The isolation of the IRD in the 3D and the axial pictures (which represent cuts in section A-B) and 
getting IRD radio-density information is possible for H1. H4 axial pictures show the layer configuration of 
the IRD in this event. 
3.6.2.2 Radio-density ranges identification, HE identification 
One of the principal characteristics of the cores used in this work is the presence of the 
HE (Chapter II; Chapter V). The signals of HE in the Northeast Atlantic during the last 
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glaciation have been extensively studied (Lebreiro et al., 1996, 1997; Sánchez-Goñi et 
al., 1999; de Abreu et al., 2003; Voelker et al., 2009), standing out, as the most 
sedimentary characteristic of these abrupt climatic changes, the presence of the IRD. 
These IRD show their clear differentiation of the finer sediment that mainly form the 
filling of the GIB. This differentiation, in terms of the CT-scan data, derives in a strong 
radio-density contrast between IRD and the surrounding sediment caused by their 
different composition (Grousset et al., 2001) and grain size (Baas et al., 1997). Besides, 
the coarse grain size of IRD, larger than the measurement resolution of the CT method 
(0.625 mm) enables an easy identification. This last characteristic is basic in the radio-
density localization of the IRD and allows the visual isolation of IRD from the 
surrounding sediment (applying the visualization protocol) of the individual particles 
(IRD). The radio-density signal of the IRD can be then isolated (Fig. 3.4) from the average 
of the radio-density values of the whole individual particle. 
The radio-density ranges identification was developed in the anidoC for specific 
study of the HE trying to follow the IRD signal in the GIB. Afterwards, this tool could be 
used with other objectives, but as an initial task, the identification, characterization and 
quantification of the signal of the IRD using CT-scan, was taken as a priority in this work. 
 
Table 3.2: Heinrich Events tomographic characterization. 
Heinrich Event Min. Density Max. Density >63µm 
 
[HU] [HU] [%] 
1 950 2800 40 
2 1000 1350 4 
3 1100 1300 3.5 
4 900 1600 8 
5 1000 1200 6 
5a 1000 1100 6 
6 1000 1300 5.5 
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Figure 3.10: Radio-density reconstruction of FSG09 cores by means of anidoC for described VOI radios. Age 
lines where introduced to correlate the cores based on filling up reconstruction of the GIB (Chapter II). 
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The searching and identification of the IRD in the CT data was possible due to the multi-
proxy study developed in the cores of the GIB, that shows a complete and accurate 
evolution of the infilling of the basin with special mention to the HE (Chapter II) what 
allows their specific localization at the cores. The searching and localization of the IRD in 
the CT-scan data allows their tomographic characterization. This characterization allows 
entering the most precise radio-density ranges from the IRD in the anidoC. These ranges 
will be used for the IRD more reliable searching, even before open the cores. 
The numeric radio-density description of the IRD from the GIB is showed in 
Table 3.2. In this numeric approach the IRD easily identified in the CT-scan record of all 
the cores were taken in consideration (Fig. 3.2 and Fig. 3.10). In order to improve the 
searching it was taking into account that the HE along the Iberian Margin can show 
different signals (Lebreiro et al., 1996; Eynaud et al., 2009) and even the absence of 
some of these HE from the record (Chapter II). In this way, the selected ranges for each 
event were widely established reflecting the variations along the GIB. 
Considering previous aspects, ranges showed in Table 3.3 were applied to cores 
in order to test the reliability of anidoC for HE identification. In this searching of the IRD 
tomographic signal, the ranges were defined, as it was related before, considering that 
the higher radio-density values found in the records are the radio-density of the IRD. To 
improve the results of the anidoC several diameters of the VOI (Table 3.3) were used to 
acquire from the axial slices an idea about the dispersion of the IRD within the HE. Using 
the combination of these parameters it is possible to obtain a set of results that will be 
later discussed and compared with the HE previously identified by other methods. 
Table 3.3: anidoC parameters used for the GIB study. 
VOI diameter [cm] Radio-density ranges [HU] 
1.5 >1200 
3 >1300 
4.5 >1400 
6 >1500 
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3.7 Discussion 
3.7.1 XRF and density evaluation 
The relationship between density, radio-density and the composition of the 
sediment is totally clear from a physic point of view. In order to explore these 
relationships the compositional analysis of the cores has been carried out by means of 
the XRF core scanner of the University of Barcelona (GRC-Geociencias Marinas). This 
semi-quantitative analysis allows approaching accurately the abundance of principal 
elements (Fe, Ca, Ti, K) in the sediment (Richter et al., 2006). 
For the comparison between the CT-scan and the XRF elemental information, 
some considerations must be assumed. Knowing that the densities of the cores have a 
direct relationship with the major elements constituting the sediments, elements were 
grouped in order to consider the maximum number of them. The criterion used to group 
elements is the higher positive linear correlation among them. The relationship between 
elements is showed in Table 3.4. The majority elements according XRF data (Ca, Fe, K, Si, 
Ti, Sr,) coincides with the background compositional information of the study area. 
These elements will have the higher relation and will be the main responsible of the 
sediment radio-density. Previous works (Tjallingii et al., 2007) relate detection problems 
with the Al due to the water content of the sediment. Attending to this consideration 
and due to not significant Al abundance, this element has been excluded from the 
analysis. 
A common origin has been considered for all the elements included in a group. 
Therefore, the group of Ca and Sr reveals the marine contribution, whereas the group of 
Fe, Ti and K represents the continental contribution. Si would be considered in a third 
group because it can have continental or biogenic provenance. For the interpretation of 
the marine component, it is necessary to take into account that most part of Ca in this 
region has a biogenic origin (no limestones are present in catchment areas draining to 
the basin), but some HE involve IRD composed by dolomite or limestone (Grousset et al., 
2001). HE recorded in core FSG09-16 let us a clear discrimination of both sources 
(Chapter V).  
The comparison of the principal grouped elements with the radio-density profile 
obtained with anidoC from core FSG09-16 reveals the relationship between composition 
and radio-density (Fig. 3.11). A clear correlation between the marine component (with 
Ca as majority element) and density can be observed, higher abundance of the marine 
component coincides with higher measured densities. The opposite trend also occurs, 
and higher abundances of terrigenous components coincide with lower densities. 
Apparently no correlation exists between Si and density, but some common patterns 
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can be found in particular intervals at the upper part of the core and between H1 and H2 
(Fig. 3.11). 
Densities of biogenic calcite and aragonite are 2.65 g cm-3 and 2.79 g cm-3 
respectively (Duchesne et al., 2009). High radio-density intervals, recorded for example 
 
Figure 3.11: Comparison of the principal elements (marine, continental and Si components) abundance with 
radio-density profile for core FSG09-16.  
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in pelagic and hemipelagic facies of FSG09-16, with higher amounts of biogenic 
components, are related to these minerals (Fig. 3.2). Abrupt peaks of densities recorded 
at HE with carbonate particles reinforce the relationship between density and 
carbonate, regardless its origin (Fig. 3.11). 
Intervals of core FSG09-16 with low density are characterized also by higher 
proportions of terrigenous components (Fig. 3.11). It is not easy to establish the 
relationship between radio-density and specific minerals constituting these materials 
because the presence of diverse clay minerals with similar densities. Therefore, in the 
intervals with high continental content, the radio-density signal would be a result of an 
average of the clay minerals with a reduced marine component. Accordingly, 
intermediate values of radio-density recorded along the cores are the result of a variable 
mixing of two end members representing the marine signal and the continental signal. Si 
could play a secondary role in the radio-density and its abundance could explain the 
radio-densities lacks in the intervals where no concordance between two end-members 
occurs (Fig. 3.11). For example, between H4 and H5 and between H5a and H6, Si is 
relatively abundant, but radio-density is similar to mean radio-density of the whole core. 
Therefore the relation between Si and radio-density does not help to explain the source 
of this component, but higher similarity with the continental component could be 
established. 
 
3.7.2 Identification of HE using anidoC 
As it was explained previously, one of the objectives of the software anidoC is 
the study and the identification of the tomographic signal of HE. In previous sections, a 
tomographic visual description and a radio-density analysis were established. The use of 
radio-density ranges identification tool of anidoC goes ahead and it enables not only the 
objective identification of HE according their tomographic signal, but also it becomes a 
predictive tool for other cores. The identification of HE is important tool to establish an 
accurate chronostratigraphy of the sedimentary records due to the well know age of all 
of these events. The discrimination of these HE before any other study reports a 
valuable previous information in order to improve the analysis of the sediment.  
Figure 3.12 shows the anidoC results obtained for defined radio-densities ranges 
from cores FSG09-16 and FSG09-10, as representative of the diverse domains of the GIB 
(Table 3.4). HE recorded in both cores  were previously identified using classical 
methodologies (Chapter II; Chapter IV) and they are highlighted by colour bars on Fig 
3.12. A good agreement between HE intervals identified by classical methods and 
prominent peaks in the percentage of radio-density values of a selected range can be 
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observed. Besides peaks coincide even considering different VOI radios (colour scale in 
the Fig. 3.2 and Fig. 3.10). Consequently radio-densities defined in Table 3.2 are 
characteristic from HE and they can be used as a diagnosis tool for other cores. 
A detailed analysis of anidoC results (Fig. 3.12) reflects also that the most abrupt 
HE according their tomographic signal are H1 and H4, as it was previously reported in 
the Iberian Margin by higher abundances of IRD (Lebreiro et al., 1996, 1997; Vautravers 
and Shackleton, 2006; Eynaud et al., 2009). These HE were identified in the GIB without 
a doubt by anidoC and the specific signal for each one will be studied in the next 
paragraphs. 
Table 3.4: linear correlation of the principal elements in the GIB. 
 
Ca Fe K Si Ti 
Fe -0,91         
K -0,79 0,84       
Si -0,35 0,46 0,77     
Ti -0,91 0,93 0,92 0,58   
Sr 0,97 -0,90 -0,81 -0,43 -0,91 
 
The anidoC results from core FSG09-16 (Fig. 3.12) reflect a clear signal for the 
most part of HE at the same intervals where they were previously accurately identified 
and characterized using other methodologies (Fig. 3.2). Only H3 and H5 have some 
difficulties to be identified because their low IRD abundances (Chapter IV), as it occur in 
other cores from the Iberian Margin (Lebreiro et al., 1996, de Abreu et al., 2003). Core 
FSG09-10 shows a clear tomographic signal of H1 and H4 (Fig. 3.12), recognizable by 
means of anidoC. Nevertheless H5 exhibits a weaker signal than that showed from core 
FSG09-16, probably related to different IRD concentrations causes by local differences or 
other indefinite factors.  
Besides, around 50 and 150 cm (Fig. 3.12) a signal with high concentration of 
high radio-density particles appears, coinciding with the turbiditic intervals (Fig. 3.2). The 
tomographic visualization of these intervals reveals obvious differences with HE 
configuration, as lamination and absence of coarse IRD. As it occurred with HE, these 
turbiditic intervals have a density higher than that measured from the rest of the core.  
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Figure 3.12: Results of anidoC radio-density ranges identification for cores FSG09-16 and FSG09-10 where 
HE were identified by conventional methodology corroborating the existence and the position of them. 
Different colors (one color for each event) mark this previous identification, superimposed to the anidoC 
results. These results are represented for the four radio-density ranges used (Table 3.3). 
HE and turbidites can be discriminated by their different structure, visual 
appearance, and anidoC results (Figure 3.2, Figure 3.4, Figure 3.8, and Fig. 3.12). 
The use of the same radio-density ranges that were employed for detecting HE 
in cores FSG09-16 and FSG09-10 has been applied to the rest of GIB cores (FSG09-17, 
FSG09-07, FSG09-09), where the location of HE was interpreted by sedimentological 
description and XRF data correlation. Obtained results agree previous interpretation 
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(Fig. 3.13). This fact reinforces the predictive value of anidoC not only for HE 
identification, but also using other ranges,  
Trying to go deeper in HE identification by means of CT-scan visual information 
and the anidoC results, a brief description of the most intense HE from the Iberian 
Margin (H1 and H4) is presented here (Fig. 3.9 and Fig. 3.10). The most significant 
difference between H1 and H4 in terms of tomographic visual data is related to the size 
of high-density particles and their distribution (abundance for different VOI radios; Fig. 
3.9). H1 presents the same configuration in all cores, with high radio-density particles of 
diverse sizes embedded in a low-density muddy matrix (Fig. 3.9). Besides the base of the 
IRD layer of H1 has usually a very low radio-density, a diffuse lamination and a profuse 
bioturbation. The low radio-density values of the mud matrix are in agreement with 
higher abundance of terrigenous material (Fig. 3.9) due to an enhanced continental 
input during the HE. (Chapter II). 
The dispersion of the high radio-density particles (IRD) is clearly identifiable 
according data presented in Figure 3.14, where the radio-density averages for different 
VOI radios of the FSG09-16 are showed. The same pattern prevails for coresFSG09-17 
and FSG09-10. In all cases the relative abundance of high radio-density particles is 
maintained when the VOI radio is expanded (Fig. 3.14). The chaotic dispersion of the 
high radio-density particles into a mud matrix causes that H1 exhibits different anidoC 
appearances in different places of the basin (Fig. 3.14), with different proportions of 
dense grains in each core. In this case the program only enables IRD identification (Fig. 
3.9). 
H4 shows similar high radio-density values than H1 (Fig. 3.14 and Fig.3.15), even 
for the different VOI radios, as it occurred for H1. Nevertheless, according visual 
tomographic data dissimilarities between both events exist. H4 shows higher 
concentration of high radio-density particles in a reduced mud matrix (Fig. 3.9), probably 
due to different rates of icebergs arrival to the GIB at different events and the different 
sedimentation rates of each event.(Chapter II; Chapter IV). Inversely to H1, anidoC 
results for H4 (Fig. 3.15) show a similar signal for all density ranges and VOI diameters, 
revealing a common patter of IRD concentration across the basin, that is, H4 appears as 
a high radio-density layer anywhere (Fig. 3.15), as it was observed in the visual 
description of cores. A common pattern is observed also by means of anidoC, it is the 
IRD layer expression for this software as gradual changes in the abundance of high radio-
density particles with the VOI radios expansion in all the radio-density ranges. Besides, 
anidoC results allow discriminating H4 from the overlain turbiditic interval in core 
FSG09-10 (Fig. 3.15) as well it was discussed for the visual analysis of H4 images (Fig. 3.4  
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Figure 3.13: Results of anidoC radio-density ranges identification for cores FSG09-17, FSG09-09 and FSG09-
07. In this cores the HE are identified using the available proxies and the correlation with the other cores of 
the GIB (Chapter II) and marked with the same colors that in Fig. 3.12. 
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Figure 3.14: Results of anidoC for H1 interval for cores FSG09-17, FSG09-16 and FSG09-10 with abundance 
of data for each radio-density range and for each VOI radio. Grey bar corresponds with H1 specific interval. 
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Figure 3.15: Results of anidoC for H4 interval for cores FSG09-17, FSG09-16 and FSG09-10 with abundance 
of data for each range and for each VOI radio. Grey bar corresponds with H4 specific interval. 
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and Fig. 3.8). H4 contains particles of very high radio-density, over 1400 and 1500 HU, 
whereas they are nearly absent from turbiditic sediments. The presence of particles 
denser than 1500 HU seems to be a feature of H4 recorded from the GIB while turbidite 
grains has a radio-density lower than 1400 HU. 
 
3.8 Conclusions 
A set of uses and applications of the CT-scan for the analysis of sedimentary 
records were showed and discussed. According the obtained data, CT-scan as well as 
procedures and applications developed in this work, emerges as a powerful 
sedimentological tool, especially considering the no-destructive character of these 
methodologies and they can be applied without the needing of open the cores. A new 
protocol of measurement has been developed for the analysis of cores retrieved in GIB 
in order to obtain high-resolution tomographic results that can be compared with other 
data obtained by means of other methodologies. 
The application of the CT-scan has allowed using up the characterization of the 
facies recorded in the GIB using their tomographic features and definition of the radio-
densities expression for each one. The identification of structures as bioturbation and 
lamination together with the tomographic expression of the sediment for each facies is 
presented as a tomographic catalogue of deep facies. This catalogue could have a 
predictable function for future studies. 
The comparison of the CT-scan with the compositional XRF data shows the role 
that the grouped elements (reflecting the marine, continental or mixture origin) have 
with the density of the core. The marine component (mainly Ca) represents the higher 
radio-density of the cores, contrary to the continental group.  
The development of specific software, named anidoC, constitutes a novel 
contribution to sedimentary analysis by means of CT-scan. Besides, anidoC is able to 
obtain the tomographic signal of HE recorded in the study area and discriminate 
between them according to the particular radio-density ranges of IRD contained in each 
HE. This fact is particularly relevant as far as the use of characteristic radio-density 
ranges enables the identification of HE previously to any study. The corroboration of the 
predictive tool for HE identification opens a new line in the approach to core studies 
based in the valuable information obtained for the cores before any other kind of 
studies. All the information of this work could be summarize in the establishment of the 
chronostratigraphic frame for the GIB with the use of the HE ages. The high resolution 
measurements and the obtaining of radio-density profiles along the cores allow 
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observing the lateral changes of radio-densities across the basin. Besides, the 
application of anidoC, give the possibility to follow the ranges or particular radio-
densities across the basin and the comparison between the cores trying to look for 
specific common features. 
The tomographic discrimination of H1 and H4 using anidoC and the visual 
appearance is based in the concentration and dispersion of the high radio-density 
particles for each event. H1 shows the high radio-density particles with chaotic 
distribution embedded in a muddy matrix and H4 shows a high radio-denisty particles 
concentrated in a clear high radio-density layer. 
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Planktonic foraminifera analysis and surface 
oceanographic evolution of the Galician Interior 
Basin for the past 60 ka 
 
 
 
 
4.1 Introduction 
The Galicia Interior Basin (GIB, Fig. 4.1), as part of the NW Iberian Margin, 
reveals as an area with a significant answer to the millennial and submillennial climatic 
variability during the last glacial cycle in terms of oceanographic modulations of the 
surface circulation and in the oceanographic parameters as the salinity and the 
temperature of the surface waters (Chapter II and Chapter IV; Lebreiro et al., 1996, 
1997; Sánchez-Goñi et al., 1999, 2008; Cayre et al., 1999; de Abreu et al., 2003; Skinner 
and Elderfield, 2005; Voelker et al., 2009; Naughton et al., 2007, 2009).  
The GIB is one of the six morphostructural provinces described for the Galicia 
Margin (Boillot et al., 1975; Martín-Serrano et al., 2005; Vázquez et al., 2008). It consists 
on a narrow basin, around 100 km wide, which ranges 3000-4000 meters below sea 
level (mbsl; Fig. 4.1). This interior basin is delimited by the Galicia Continental Slope at 
the East and by the Galicia Bank to the West, and it presents diffuses limits in the North 
and the South with the abyssal plains of Biscay and Iberian, respectively. The surface 
water column of the GIB shows as principal characteristic a complex seasonal 
hydrography which involves central and surface water masses (Fig. 4.1).The surface 
hydrography is dominated by the ENACW and its two end members with subtropical 
(ENACWst, Fraga et al., 1982) and subpolar (ENACWsp, Harvey et al., 1982) origins. Both 
water masses converge in the subsurface front called Finisterre Front which presents a 
variable position related to oceanographic and climatic conditions along the year (Fig. 
4.1). The circulation over the continental slope is dominated by the Iberian Poleward 
Current (IPC) transporting warm and saltier ENACWst into the area, principally during 
the winter season. The rest of the year the IPC is restricted to deeper and offshore parts 
of the water column. The IPC is a current originated by the latitudinal density gradient, 
strongly dependent of the Polar Front position (Herrera et al., 2008). The other currents 
have their origin in the derived currents of the North Atlantic subtropical gyre and the 
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North Atlantic Current (NAC). The westernmost current of the GIB is the Portugal 
Current (PC) and its eastern branch Portugal Coastal Current (PCC) flowing southwards. 
This currents carry cold and less saline waters and reaching the continental slope during 
seasons with a weak IPC. The PCC is the coastal current of the permanent Portugal 
Current (PC) that flows southward as a slow branch of the North Atlantic Drift. The 
coastal areas of the Galicia Margin are under the action of a seasonal upwelling (Varela 
et al., 2005) that not affect directly to the GIB, but its filaments could reach the GIB, 
increasing the productivity of the water column (Relvas et al., 2007). The described 
oceanographic configuration of the GIB is a response to the current climatic conditions. 
Changes in climatic conditions would produce changes in this oceanographic setting. In 
this work the planktonic foraminifera assemblages were analysed as a tool to build up 
the interpretation of the surface water masses dynamic during the past 60 ka. 
 
 
Figure 4.1: Location of cores FSG09-16, FSG09-10 and GeoB 11035 in the GIB (dotted area). This figure 
presents a schematic view of the oceanographic setting for the NW Iberian Peninsula . (PC- Portugal 
Current, PCC-Portugal Coastal Current, IPC- Iberian Poleward Current, ENACW- Eastern North Atlantic 
Central Water). 
Several studies were carried out in the Atlantic Iberian Margin using planktonic 
foraminifera assemblages as paleoceanographic and paleoclimatic markers during the 
last climatic cycle (Lebreiro et al., 1997; Cayre et al., 1999; de Abreu et al., 2003; Voelker 
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et al., 2009; Naughton et al., 2007, 2009; Eynaud et al., 2009). Some of them include the 
ecology characterization of the planktonic foraminifera species recorded from this area 
(Lebreiro et al., 1997; Cayre et al., 1999; de Abreu et al., 2003; González-Álvarez et al., 
2005; Salgueiro et al., 2008). This study presents the planktonic foraminifera 
assemblages in a latitudinal core transect across the GIB (perpendicular to the direction 
of main surface currents), allowing to distinguish the particular variations of a specific 
area. This fact allows the establishment, due to the proximity of the cores and the 
accurate correlation between them, a particular evolution of the complex oceanography 
of the GIB over the past 60 ka that would be not restricted to individual and isolate 
records. The situation of the cores in the different domains of the GIB (Chapter II; Fig. 
4.1) helps to extract an accurate paleoceanographic evolution of the Basin addressed to 
discern the response of surface currents to global climatic events. The principal climatic 
events that have affected to the Iberian Atlantic Margin were the Heinrich Events 
(Chapter II; Chapter III; Chapter IV; Lebreiro et al., 1996, 1997; Cayre et al., 1999; 
Naughton et al., 2007, 2009; Bender et al., 2012) that would produce the strongest 
reorganization of the oceanographic setting of the area. Besides, the comparison of the 
planktonic foraminifera assemblages between the different GIB records and their 
temporal and spatial variations allows to improve the ecology of these organisms for the 
study area and the assemblages response to the oceanographic and climatic conditions. 
This study presents too the inferred Sea Surface Temperatures (SST) extracted from 
planktonic foraminifera assemblages as a complete monitoring of the SST from the GIB 
during the past 60 ka, that together with the study of the HE characteristics (Chapter II; 
Chapter III; Chapter IV) permit to extract the peculiarities of these events in the GIB. 
Combination of the presented proxies allows the building up of a complete surface 
oceanographic evolution with special attention to the differences between basin 
domains where the cores were recorded. 
 
4.2 Material and Methods 
Gravity cores FSG09-10, FSG09-16 and GeoB 11035, recovered from the Galicia 
Interior Basin in the NW of the Iberian Peninsula were used in this study (Table 4.1).  
Table 4.1: Location and ages of the GIB cores. 
 
Lat. Long. Depth.  Lenght ~Base age 
Core [°N] [°W] (m) (cm) (ka) 
GeoB 11035 42.17 9.66 2048 505 63 
FSG09-16 41.99 10.28 2708 390 63 
FSG09-10 42.14 10.51 2779 230 52 
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These cores were retrieved during two oceanographic cruises, the ForSaGal09, 
on board of the R/V Sarmiento de Gamboa and the GALIOMAR, on board of the R/V 
Poseidon respectively. A brief resume of the principal characteristics and features of the 
three cores was presented in the Chapter II. 
 
4.2.1 Age models 
Gravity cores FSG09-10, FSG09-16 and GeoB 11035, recovered from the Galicia 
Interior Basin in the NW of the Iberian Margin were used in this study (Table 4.1). These 
cores were retrieved during two oceanographic cruises, the ForSaGal09, on board of the 
R/V Sarmiento de Gamboa and the GALIOMAR, on board of the R/V Poseidon 
respectively. A brief summary of the principal characteristics and features of the three 
cores was presented in the Chapter II. 
The HE identified in previous works (Chapter II; Bender et al., 2012) were used 
also as tie points in the three cores to the building up of the age model and to the 
comparison with well-known records of the Iberian margin (Shackleton et al., 2000). 
 
4.2.2 Planktonic foraminifera census 
A total of 265 samples were analysed (FSG09-10: 52 samples; FSG09-16: 119 
samples; GeoB 11035: 94 samples). The resolution used in each core is one sample every 
4 cm for the FSG09-10, one sample every 3 cm for the FSG09-16 and one sample every 5 
cm for the GeoB 11035. 
Planktonic foraminifera (PF) abundance and species census were done in the 
>150 µm fraction of dry samples and were counted at least 300 (usually more) 
specimens for each sample. A total of twenty one species were found and classified 
according to Kennett and Srinivasan (1983) and Hemleben et al. (1989). In addition to 
these counts, the ice rafted debris (IRD) were also count because their importance for 
the identification of climatic events such as the Heinrich Events, which have been 
previously identified in the same cores by other proxies (Chapter II; Chapter III; Chapter 
IV). 
 
4.2.3 Statistical analyses 
In order to identify statistically independent planktonic foraminifera 
assemblages and the relationship between species, a Q mode factor analysis with a 
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VARIMAX rotation was performed (Klovan and Imbrie, 1971). Although the Q-factor 
analysis in a data set with a reduced number of species is not totally recommended, that 
analysis was carried out in order to group related species objectively and to make easier 
the comparison between the cores. This analysis was applied separately to data from 
individual cores and also to the group of the three cores. Planktonic foraminifera species 
with very low abundances (<2 % of the assemblage) were excluded from the analysis. 
Some species were coupled previously to the Q mode factor analysis following ecological 
and bibliographic parameters: the species of Orbulina genus (low abundance) and also 
the two varieties of Globigerinoides sacculifer, with and without a sack-like terminal 
chamber (Globigerinoides trilobus), were grouped. The transitional forms between 
Neogloboquadrina pachyderma dextral (des) and Neogloboquadrina dutertrei (P-D 
intergrade; Kipp, 1976) were combined with N. pachyderma (des) according to 
Pflaumann et al. (1996). 
Modern Analogue Technique (MAT, Hutson, 1980; Prell, 1985) was used to 
estimate the sea surface temperature (SST) with the software Paleoanalogs 2.0 
developed by Therón et al. (2004). We have used the database of Salgueiro et al. (2008), 
which compiles a total of 1020 coretops after the addition to the database of Pflaumann 
et al. (1996) of new coretops and surface samples of the Iberian Margin. This database is 
restricted to the North Atlantic according to the conclusions of the MARGO project 
(Kucera et al., 2005). The modern SST for each core top were taken from the WOA01 
(World Ocean Atlas 2001, 1° grid version) using the temperature at 10 m depth. 
Attending to the SST obtained with MAT, the seasonality parameter was 
calculated, as the difference between the two extreme seasons, winter and summer. 
 
4.2.4 Isotopic measurements 
In addition to the planktonic foraminifera abundance, census of species and IRD 
counts, stable isotopes of oxygen and carbon (δ18O and δ13C) were measured for the 
cores GeoB 11035 and FSG09-16 (Chapter IV). Approximately six specimens of G. 
bulloides were selected from the fraction 250–350 µm for isotope analyses. Each sample 
was treated with H2O2 to remove the organic matter and cleaned with methanol. 
Measurements were made in a Finnigan-MAT 252 mass spectrometer at the Scientific 
and Technological Centre of the University of Barcelona (SCT-UB). The results are 
referred to the Vienna PeeDee Belemnite (VPDB) scale. The analytical precision of the 
isotopic measurements in both cores is better than 0.08 ‰. 
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4.5 Results 
4.5.1 Heinrich Events identification in the Galicia Interior Basin 
N. pachyderma (sin) abundance and the IRD counts has been extensively used to 
identify Heinrich Events in the North Atlantic (Hemming, 2004). Both proxies have been 
used in this work alsoto identify the presence of the HE in the study area. These HE 
occurred during the last glaciation have been previously described in other works from 
the Iberian Margin (Lebreiro et al., 1996, 1997; Cayre et al., 1999; Naughton et al., 2007, 
2009; Bender et al., 2012), as well as from one of the same cores studied in this work 
(Core GeoB 11035: Chapter II; Chapter III; Chapter IV; Bender et al., 2012). The 
identification of the HE and the correlation with the well-recognized HE in other cores of 
the same region is a significant help to refine the chronology of the three cores. 
In accordance with the previous identification of each individual HE, in this work 
the description of these events was focused in the comparison of the proxies, event by 
event, between the three cores. This comparison allows establishing the similarities and 
differences of these two proxies in the latitudinal transect along the basin. Three HE are 
recorded in the three cores: H1, H4 and H5. Only the core FSG09-16 contains all the HE 
of the last glacial cycle. The lack of specific events (H2 and H3) in cores GeoB 11035 and 
FSG09-10 is caused by erosion or by oceanographic reasons that will be discussed later. 
In the three cores, H4 is the event recording the highest abundance of IRD (Fig. 
4.2), with peaks higher than 1200 IRD by gram of bulk sediment (gbs) and also high N. 
pachyderma (sin) abundance, around or higher than 80 %. This percentage is higher in 
core GeoB 11035 than in the rest of the GIB cores (Fig. 4.2). H1 shows different patterns 
in the three cores. Core Geo 11035 presents the lowest IRD abundance for this event, 
less than 200 IRD/gbs (FSG09-16: 800 IRD/gbs; FSG09-10: 400 IRD/gbs) although the 
abundance of N. pachyderma (sin) is similar to other cores and higher than 80 %. For the 
other common event, H5, the abundances of N. pachyderma (sin) are similar (around 50 
%) and the IRD counts are higher in the cores FSG09-10 and FSG09-16 than in the lower 
slope core (GeoB 11035). H5a and H6, recorded in FSG09-16 and GeoB 11035, show 
similar IRD counts (100 IRD/gbs). N. pachyderma (sin) abundances are similar for H6 
(around 90 %), but is higher in core GeoB 11035 (80 %) than in core FSG09-16 (40 %). H2, 
recorded in core FSG09-16, shows IRD counts higher than 200 IRD/gbs and N. 
pachyderma (sin) abundance is close to 50 %. HE from the GIB, especially H1 and H4, 
always show the maximum abundance of IRD after the maximum abundance of N. 
pachyderma (sin), that is, peaks of cold species preludes peaks of IRD. The intensity of 
HE are related to the significance of these proxies, and then, higher IRD and N. 
pahcyderma (sin) values correspond with stronger HE and vice versa. 
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Figure 4.2: Abundance of N. pachyderma (sin) and IRD number for the three studied cores. The HE marked 
by these proxies are plotted with a grey dotted area. 
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4.5.2 Planktonic foraminifera census and abundance in the GIB 
The mean planktonic foraminifera abundance in the three cores is 1800 FP/gbs 
(Fig. 4.3) and it is significant higher in cores FSG09-16 and FSG09-10 (2212 and 2074 
FP/gbs respectively) than in core GeoB 11035 ( 1138 FP/gbs). Higher abundances of 
planktonic foraminifera are located at the top of the three cores (Holocene pelagic 
facies, Chapter II), and between 2.5 and 7.5 ka, where more than 4000 FP/gbs are 
recorded, reaching 6000 and 8000 FP/gbs in the cores FSG09-10 and FSG09-16 
respectively. The Holocene highest abundance is reached at around 5-7.5 ka. The core 
tops show a drastic decrease of more than 2000 FP/gps in cores GeoB 11035 and FSG09-
16, which is not recorded in core FSG09-10, where the top corresponds with the 
maximum abundance of FP for this core. 
The lower abundances, less than 1000 FP/gbs occur during HE (Fig.4. 3). 
Excluding the highest abundances recorded during the Holocene, the abundance of 
planktonic foraminifera through the cores experiments other significant variations, with 
shifts of more than 1000 FP/gbs in the intervals between HE. 
Excluding the Holocene and attending to the relative abundance of planktonic 
foraminifera, the cores can be divided in other three periods. The oldest interval, 
between ~30 to ~60 ka, represents the sustained period with the highest abundances 
(excepting the Holocene) in the three cores. This abundance is really similar between 
cores FSG09-10 and FSG09-16, at around 2000-3000 FP/gbs, and slightly lower in GeoB 
11035, (<2000 FP/gbs). The interval with lower abundances for the three cores, closer or 
lower than 1000 FP/gbs, is recordedbetween 20-30 ka. Period between 10-20 ka 
continues with these low values in core GeoB 11035 while cores FSG09-16 and FSG09-10 
show a significant increase, reaching 2000 FP/gbs, but significant changes of more than 
1000 FP/gbs occur along this period (Fig. 4.3). The end of this period (10-20 ka) 
corresponds with a decreasing trend in the abundance of FP, reaching a relative 
minimum in the three cores at around 12-15 ka. 
Attending to the abundance of the species in terms of the total assemblage 
(Table 4.2, Fig. 4.4, Fig. 4.5, Fig. 4. 6), four species of the twenty one identified in the 
cores, represent as mean, the 78% of the assemblages: N. pachyderma (sin) and (des), G. 
bulloides, and G. inflata, account always more than 50 % (Table 4.2). In this work N. 
pachyderma (des) is considered a different species following to Darling et al. (2006), but 
this species is named as N. pachyderma (des) instead Neogloboquadrina incompta in 
order to preserve the original classification used when the work was started. 
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Table 4.2: Maximum, minimum and mean abundances and their standard deviation for the GIB cores. 
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Figure 4.3: δ
18
O, δ
13
C, number of planktonic foraminifera per gram of bulk sediment, SST reconstruction 
based in MAT and seasonality taken in the difference between the summer and winter MAT reconstruction. 
Dashed lines represent the four described periods: 0-10; 10-20; 20-30; 30-60 ka. (GeoB 11035-black line; 
FSG09-16 -blue line; FSG09-10-red line). 
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The more abundant species are N. pachyderma (des) and (sin) (Table 4.2). Both 
species correspond with very different conditions in the subsurface water column (Bé, 
1977; Hemleben et al., 1989; Pflauman et al., 1996; Arnold and Parker, 1999), as it was 
previously commented. N. pachyderma (sin) (Fig. 4.2) is related to the cold abrupt 
climate changes identified as the HE that were dealt above. Out of these HE, the 
abundance of N. pachyderma (sin) is lower than 20 % and almost absent at the top of 
the core, during the Holocene. At 32.5 ka a relative maximum reaching the 40-60 % in 
cores FSG09-16 and GeoB 11035 exists (Fig. 4.2). 
The abundance of N. pachyderma (dex) (Fig. 4.4, Fig. 4.5, Fig. 4.6) records the 
more pronounced changes in all cores (Table 4.2). N. pachyderma (dex) is a typical deep-
welling species (Bé, 1977) abundant in stratified waters (Reynolds and Thunell, 1986) 
and dominant in subpolar North Atlantic regions (Bé and Tolderlund, 1971). Its 
abundance is higher during the the last 20 ka reaching 50 % of the assemblages. During 
HE its abundance is low, lower in the stronger HE (H1, H4, H5a and H6) where is 
practically absent. The abundance of this major species show very similar trends in the 
three cores, with synchronous and comparable variations. The major similarity between 
the three cores occurs between 0-20 ka and 30-60 ka, when N. pachyderma (dex) is 
relatively abundant and it shows a similar distribution and changes. Between 20-30 ka 
the lower abundances for the three cores are recorded and this period presents also the 
larger abundance differences, close to 20 % between cores FSG09-16 and GeoB 11035. 
For this period, while core FSG09-16 experiments a progressive increase with shifts of 
around 20 % (Fig. 4.5) and reaching 45 % at 20 ka, core GeoB 11035 shows a continuous 
and progressive increase (Fig. 4.4) until reaching the same abundance at 40 ka. Core 
FSG09-10 shows the same trend than core FSG09-16 for this period until the (Fig. 4.6) 
after the erode section, before ~23 ka. 
G. bulloides (Table 4.2, Fig. 4.4, Fig. 4.5, Fig. 4.6) have lower abundance than N. 
pachyderma (des). This species shows an opposite trends with respect N. pachyderma 
(des) marking the same four periods. Similar variations within the three cores and small 
differences between them are observed. The lower abundances, out of the HE that show 
the lowest abundances of G. bulloides, are recorded in the period 30-60 ka. This period 
shows an internal increase upwards of around 30 %, and close to the end of the period 
reach abundances of around 40 %. The period between 20-30 ka shows relative constant 
values around 20-30 %with shifts lower than 10 % and without a clear trend. The two 
periods included between 0-20 ka have similar abundances between the cores, as 
occurred in the other periods. The abundance of G. bulloides ranges between 10-30 %, 
and shows a progressive increase after H1.  
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Figure 4.4: Abundance of planktonic foraminifera species for core GeoB 11035. Dashed lines represent the 
four periods showed in the Figure4.3 and grey areas the HE. 
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Figure 4.5: Abundance of planktonic foraminifera species for core FSG09-16. Dashed lines represent the 
four periods showed in the Figure4.3 and grey areas the HE. 
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Figure 4.6: Abundance of planktonic foraminifera species for core FSG09-10. Dashed lines represent the 
four periods showed in the Figure4.3 and grey areas the HE. 
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G. inflata is less abundant than the other two species (Table 4.2), but it follows 
similar trends (Fig. 4.4, Fig. 4.5, Fig. 4.6) with N. pachyderma (des). For G. inflata, relative 
strong differences exist in its abundance between the cores. The higher abundance of 
this species is recorded in the period 30-60 ka, concretely at 45 ka. At this age, 
differences of 15 % exist between the core FSG09-16 and FSG09-10 and the core GeoB 
11035 (Fig. 4.4, Fig. 4.5, Fig. 4.6). The end of this oldest period are characterized by low 
abundances (< 10 %) in the core FSG09-16, and lower for the GeoB 11035 (< 5 %). 
Between 20-30 ka the abundances show a first decrease of a 5 % and an increase trend 
until the end of the period reaching 15 %. This period present a similar evolution in the 
three cores. Excepting H1, between 0-20 ka, no clear trend are recorded and G. inflata 
shows values around 10 % with changes lower than 5 %. 
Other minor species are represented in the cores in maximum mean 
abundances, for the three cores, lower than 17% (Table 4.2). Although the lower 
abundances of theses minor species make not easy the comparison with the more 
abundant species, the changes and shifts in their abundance allow differentiating 
periods and intervals. This periods and intervals are based in the presence or absence of 
these species together with significant changes in their abundance. In this way, G. scitula 
and T. quinqueloba (Fig. 4.4, Fig. 4.5, Fig. 4.6) are absent during the Holocene while are 
present in the rest of the records with changes in theirs abundance higher than 10 %. It 
is remarkable the pattern displayed by G. calida (Fig. 4.4, Fig. 4.5, Fig. 4.6) with 
increasing during the Holocene in the cores FSG09-10 and FSG09-16, but present in very 
low abundances in the core GeoB 11035 for this period. 
 
4.5.3 Q factor analysis 
Although the low species number and the dominance of four of them, as was 
expressed above, do not recommend the use of the CABFAC Q-mode factor analysis, this 
method was used in this work. The results of these analysis was treated carefully and 
only to try clarify the complicate visualization of the group of the three core faunal data. 
The Q-mode factor results have any difference with the results expressed species by 
species, but help to graphic comparison of the minority and majority species between 
the three cores. The CABFAC Q-mode factor analysis was performed in each core and for 
the complete dataset formed by the planktonic foraminifera abundance of the three 
cores (Table 4.3). This was done in order to compare the existence or the absence of 
different or commons factors between the cores and the possible differences in the 
planktonic foraminifera aggrupation (Table 4.3). The use of the factors extracted of the 
Q-mode factor analysis from the complete dataset (Table 4.3) allows to make a direct 
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comparison between cores for the complete GIB. There are not significant differences in 
the results from the individual analysis of the cores and the complete dataset (Table 
4.3).  
The Q factor analysis resolves the explanation of the grouped assemblages of 
the three cores in two factors that explain the 94% of the variance of the total 
assemblages. This fact reveals, as was explained, that the Q factor analysis as not 
operative methodology for the GIB planktonic foraminifera assemblages analysis. The 
results do not support more information that the identification in the cores of the HE 
marked by the Factor 2 (F2) and the not HE periods explained by the F1 (Table 4.3, Fig. 
4.7). The F1 represents the rest of the more abundant species, principally N. 
pachyderma (des) and G. bulloides and with lower representation, G. inflata. This is in 
agreement to the results commented in the faunal analysis and in the HE identification. 
In order to try to go in depth of this fact, and to look for more explanation in the species 
distributions, the minority factors, F3 and F4 were shown (Fig. 4.7). Trying to facilitate 
the comparison of the minority species between the cores, and going in depth in the 
signal of these species and how them modulate the general signal extracted of the 
principal factors these two factors were shown (Fig. 4.7). These factors explain 
respectively a 3 and 1.5 % of total assemblage and are used in the work supporting by  
the individual species analysis to the interpretation of the signal in the graphic support. 
 
Factor 3 (F3) 
The F3 is dominated by G. bulloides. The dominance of G. bulloides is directly 
related with the upwelling areas (Sautter and Thunell, 1991; Ortiz et al., 1995; Meggers 
et al., 2002), indicating a good vertical mixing (Reynolds and Thunell, 1985). The F3 have 
a lower relevance of T. quinqueloba, a surface-dwelling species, as G. bulloides, of cold 
and nutrient-rich waters (Loubere, 1981). This two species related the factor with cold 
and productive conditions. This factor only responds to the 3% of the total assemblage. 
 
Factor 4 (F4) 
The F4 represents only the 1% of the total assemblage and is defined by the 
prevalence of G. inflata. This factor could reveals a lower productivity assemblage than 
the F3. 
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Table 4.3: Results of the Q-factor analyses carried out for the three cores and for all together. 
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Figure 4.7: Q-mode factor analysis of the three cores. Factors composition and the load of each factor are 
related in the Table 4.3 (GeoB 11035-black line; FSG09-16 -blue line; FSG09-10-red line). Dashed lines 
represent the four periods showed in the Figure4.3 and grey areas the HE. 
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4.5.4 Sea Surface Temperatures (SST) 
Seasonal temperatures were obtained applying MAT (Hutson, 1980; Prell, 1985) 
to the planktonic foraminifera assemblages for the three cores separately. The SST 
record of the three cores is influenced by the HE, described as strong cold events and 
then, it is easily recognized at the SST records (Fig. 4.3). During these HE, the SST are 
really similar between the cores for the same event, except for H1, one or two degrees 
lower in the FSG09-16 than in the FSG09-10 and GeoB 11035 (Fig. 4.3). The SST of the HE 
are lower in the stronger HE, lower than 4 °C in H1, H3 (only recorded in the core FSG09-
16), H4 and H6, and close to 8°C during H2 (only recorded in the core FSG09-16 too), H5 
and H5a. 
The SST of the three cores shows the four intervals than those described for the 
planktonic foraminifera assemblages and abundances of species (Fig. 4.3). Following the 
described four periods, the older one, between 30-60 ka are marked by the falls in the 
SST produced by the HE (H5, H5a and H6). The intervals between these extreme cold 
events are characterized by relative warm SST reaching the 14°C. The higher similarity 
between the cores for this period is recorded between 40-55 ka. During the older part, 
55-62 ka, the record of core GeoB 11035 starts around 6°C warmer than core FSG09-16, 
and this pattern is reverse between H5a and H6. Strong differences between the cores 
(GeoB 11035 and FSG09-16) characterized the interval between 30-40 ka with a contrary 
trend between both (Fig. 4.2). In this interval, the core GeoB 11035 records a relative 
increase of the SST between the minimum values which correspond with the end of H4, 
until 16 °C at 30 ka while the FSG09-16 starts with a rapid increase of the SST reaching 
15 °C at 36 ka and a constant decrease of 6 °C upwards until 30 ka. 
The period between 20-30 ka records too a differentiated SST values between 
cores in the same way that the preceding period. In this case, the SST of the core GeoB 
11035 records higher SST than the FSG09-16, around 4 °C, and shows a homogeneous 
signal without significant variations as occur in core FSG09-16. While the GeoB 11035 
present the homogeneous and continuous SST signal, the FSG09-16 shows, besides H2 
and H3 SST falls, sub-millenial changes in SST. 
The last 20 ka corresponding with the younger periods which include the 
deglaciation and the Holocene, record the same signal in the SST for the three cores. For 
these ages, small differences in the SST look more linked to the problems in the 
agreement of the age models of the cores than due to changes in the oceanographic 
signal. These 20 ka record the more abrupt change in the SST with a fall down, from the 
14 °C that characterize the LGM, of more than 12 °C. After H1 and to the Holocene, the 
SST records show a rapid increase to reach the same SST that in the LGM for the three 
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cores. 
Regarding the seasonality (Fig. 3), it contributes to reveal more differences 
between cores, although the cores show the same trends and intervals that it was 
explained before for the SST. This fact helps to do a better characterization of the 
different signals recorded by the cores. In the glacial period (10-60 ka) when the SST is 
higher, the seasonality is too higher and vice versa. Besides, for the HE the lower values 
of seasonality index are recorded. 
 
4.5.5 Planktonic foraminifera paleoecology in the Galician Iberian Margin 
In order to analyse the habitats of planktonic foraminifera at the GIB during the 
past 60 ka, a comparison between the SST-MAT reconstruction and the abundance of 
each species at the different time intervals was done for the Pflauman et al. (1996) core 
tops data base (Fig. 4.8) and for the GIB data (Fig. 4.9). As a method to identify 
temperature habitats, based on the current SST for the used core tops data base 
frequency analyses were applied to the SST results for the three cores (Fig. 4.9). In this 
analysis (Fig. 4.9) three well differentiated ranges of SST were found. 
These three divisions represent three temperature ranges defined between: A 
(1-3.5 °C), B (5-9.5 °C), C (11.5-16 °C), that currently would have the analogues samples 
in the areas showed in the Figure 4.10. These current analogue areas could show the 
most similar water column characteristic of the GIB during the last 60 ka. The warmer 
conditions corresponding with the southern area (Fig. 4.10) are the most abundant 
along the cores and the coldest conditions corresponding with the northern area, the 
lowest abundant. 
Attending to the characteristics of each species and the information contained in 
the North Atlantic planktonic foraminifera database (MARGO, Pflauman et al., 1996), the 
principal features and distribution of each species with the SST in the GIB are exposed.  
The reconstructed SST for the GIB cores was extracted from the core tops 
database where every sample corresponds with a SST using a mathematic 
approximation. This SST reconstruction is based in the analogues samples of the 
database with the GIB that besides the SST can be analogue samples of the water 
column conditions. 
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Figure 4.8: Blue columns histogram represents the SST frequency extracted from the World Ocean Atlas 
2001(1° grid version) for the position of the MARGO core tops data base (Kucera et al., 2005). Black crosses 
show abundance of each of the main species presented in the MARGO data base with the SST. 
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Figure 4.9: Red columns histogram represents the SST frequency extracted from the MAT SST 
reconstruction of the three cores. The three SST ranges are marked by grey areas (A: 1 - 3.5 °C; B: 4.5 - 9 °C; 
C: 12 - 16 °C). Black symbols correspond with abundance of the main species for the GIB with the 
reconstructed MAT-SST. 
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Globigerina bulloides 
This species is significantly represented in the ranges de temperature B and C, with a 
width temperature for the GIB between 5 to 16 °C (Fig. 4.9), while in the database this 
width ranges between 6-26 °C (Fig. 4.9). The abundances of G. bulloides in the GIB for 
both SST areas are similar, without differences that support SST preferences of this 
species. At the global SST distribution of G. bulloides (Fig. 4.9) it is possible to identify 
two optimal SST ranges, one between 4-12 °C (which include the SST habitat width of G. 
bulloides in the GIB) and one warmer range between 16-22 °C. This two defined ranges 
represent two groups for G. bulloides with an important latitudinal and SST 
differentiation. G. bulloides is a sub-surface species which lives preferential between 50-
100 m (Hemleben et al., 1989) at the top of the thermocline. It is a typical species of 
upwelling (Sautter and Thunell, 1991).and a good indicator of a water column with an 
important vertical mixing (Meggers et al., 2002). The distribution of this species appears 
more linked to food availability than temperature and salinity ranges (Peterson et al., 
1991). 
 
Figure 4.10: North Atlantic distribution of the MARGO core tops database (black points) and the SST ranges 
(A, B and C) extracted from the SST of each core top. 
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Neogloboquadrina pachyderma (sin) 
This species is the most abundant species during the HE as it was explained 
above, with the higher abundance during the coldest intervals. N. pachyderma (sin) is a 
species typical of the polar and subpolar zones (Pujol, 1980) that currently appears at 
high latitudes of the North Atlantic. The habitat of this species is characterized by a 
water column with weak or no thermocline and high surface nutrient concentrations 
(Reynolds and Thunell, 1986). Attending to the MARGO data base this species is present 
in a wide range of SST, but always with significant abundances in waters under 10 °C 
(Fig. 4.9). At the GIB this range is similar (Fig. 4.9), with the maximum abundances below 
4 °C (A) and fluctuating abundances in the SST range B (between 80-30 %). A significant 
characteristic at the GIB, is the presence of N. pachyderma (sin) with abundances 
around 30-50 % in relatively high annual mean SST, including in the warmer range C 
(11.5-16 °C). 
 
Neogloboquadrina pachyderma (dex) 
This species, attending to the MARGO database is an eurythermal species that 
lives below the thermocline in a width range of temperatures, reaching significant 
abundances between 6 and 26 °C (Fig. 4.9). This species has a similar temperature 
distribution range than G. bulloides, but it lives below the thermocline in moderately 
stratified waters. Other important difference with G. bulloides consists on the SST global 
frequency distribution (Fig. 4.9).In the warmer range where G. bulloides is dominant (16-
22 °C), N. pachyderma (dex) have values below 25%. In the GIB the warmer group of G. 
bulloides is not represented and N. pachyderma (des) is in general more abundant than 
G. bulloides in the defined SST ranges B and C. Besides, in the range B N. pachyderma 
(des) shows a clear abundance decrease with SST reduction (Fig. 4.9), as occur in global 
data base (Fig. 4.9), while GIB G. bulloides do not show a clear trend with SST in this 
range (Fig. 4.9). 
 
Globorotalia inflata 
G. inflata is a species typical of the transitional province (Bé and Hutson, 1977). 
Besides, G. inflata is deep dwelling specie (Pujol and Bergnaud-Grazzini, 1995) typical of 
the Atlantic transitional zone (Bé and Tolderlund, 1971) with low stratified waters. The 
MARGO data base shows a wide range of optimal temperature between 12 24 °C (Fig. 
4.9), although it appears in a lower abundance than G. bulloides and N. pachyderma 
(dex) In this North Atlantic database, the maximum abundances of this species show a 
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warm trend around 16-22 °C, coinciding with G. bulloides. In the GIB the maximum 
abundances is placed at the temperature range C (11.5-16 °C), with percentages of 12-
20 % of the assemblage (reaching in some cases 30 %), and it is extended until 10 °C with 
10 % of abundance. 
 
Globigerinita glutinata 
This species is an eurythermal species living in temperatures higher than 8 °C but 
with the maximum abundances between 8-14 °C (Fig. 4.9). G. glutinata inhabits in a 
surface mixed layer, regardless of thermal structure or temperature, usually linked to 
margin areas of elevated productivity (Thiede and Jünger, 1992; Meggers et al., 2002). 
The proliferation area is not restricted and could be an integrant of the subpolar, 
transitional and subtropical zones (Bé and Tolderlund, 1971). In the GIB their apparition 
and behaviour is similar to that of G. inflata (Fig. 4.9). 
 
Turborotalita quinqueloba 
This is a species of the transitional and subpolar areas and typical of surface 
mixed layer proliferating during spring and diatom blooms (Sautter and Thunell, 1991). 
At the MARGO data base the temperature optimum is always lower than 8 °C, reaching 
abundances close to the 50% of the assemblage (Fig. 4.9). At the GIB T. quinqueloba 
shows abundances below 20 %, in a SST range between 5 and 14 °C (ranges B and C). 
The lowest abundances occur in range A (Fig. 4.9). 
 
Globorotalia scitula 
G. scitula is a subpolar-transitional species that live under the photic zone 
(Hemleben, 1989). The maximum abundance in the MARGO database are around 12-
20°C (Fig. 4.9). In the GIB the maximum abundances occur in the SST range C, the 
warmest range at the GIB, and it has relatively high abundance between 6-10 °C (Fig. 
4.9). 
 
Globigerinella calida 
This species is a subtropical species, more abundant under the thermocline and 
under the maximum chlorophyll area. G. calida is the warmest species recorded in this 
work. The abundances of this species appears under 10 % in the MARGO data base (Fig. 
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4.9) and always is present only in SST higher than 12 °C. In the GIB, this species is 
present and recorded in the ranges B and C (Fig. 4.9) but with no significant abundances 
(under 5%). 
 
4.5.6 Isotopes 
The δ18O isotopic records between cores FSG09-16 and GeoB 11035 are similar 
in values and trends ( ig. 4.3). δ18O ranges 0.35-3.28 ‰ in both cores and the four 
periods described until now are clearly identified in both isotopic records. This proxies 
remark the clear differentiation of the Holocene, always with values lower than 2 ‰, 
from the rest of the records (higher than 2 ‰). 
The period between 30-60 ka record the highest variations of the glacial cycle 
with drops of around 1‰ in the records ( ig. 4.3) out of the drops produced by the HE. A 
remarkable feature of this period is the presence of significant differences of around 0.5 
‰ during the intervals between H5a-H6 and H4-H5, and it establish in the same way 
that the SST, recording a difference between the offshore conditions of the core FSG09-
16 and the GeoB 11035. 
Between 20-30 ka and 10-20 ka, the trends and patterns are well comparable in 
magnitude between both cores, showing the same signal for the different location. The 
absence of significant sub-millenial variations in the records characterize these intervals 
as a homogenous period with values around 2.5 ‰, only affected by the drop during H1. 
The highest variation of the δ18O coincides with the deglaciation after H1 in the 
transition to the Holocene values. 
The Holocene shows, as the rest of the proxies, homogeneous values (around 
0.5‰ δ18O) with no significant variations. Only at the start of the Holocene are recorded 
an increase in the isotopic values of around 1‰ from the Younger-Dryas (Y/D).  
The HE are represented in this records as the highest values of the proxy or as 
relative maximums, excepts H2 and H3 in the core GeoB 11035 where this two events 
are absent as was explained (Chapter II). 
The δ13C isotopic record (Fig. 4.3) of both cores shows values fluctuating 
between -1.58 and 0.34‰ and the same principal divisions described in the previous 
proxies can be distinguished. The pattern for this proxy is well correlated for both cores 
and show similar trends and changes although some differences in the absolute values 
for both cores could be established. Again, the period with the most significant changes 
are the older one (30-60 ka) with shifts of around 0.8 ‰ and without a clear trend. The 
oldest 45-60 ka interval shows an increase trend with a drop of 0.8 ‰ which culminate 
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at 0.2 ‰ for both cores. During 30-35 ka occurs the first significant difference between 
the cores with higher δ13C (around 0.3 ‰) in core  SG09-16 than in core GeoB 11035. 
From 30 ka towards the top a decrease of ~ 0.8 ‰ occur until the start of H1 and the 
similarity domain the rest of the records without significant differences between the 
cores. The HE show in general relative lower values in the δ13C (~-1‰), although with 
exceptions in H1 with the lowest values in core GeoB 11035. The use of this proxy 
require that the surface water carbonate chemistry have to be assumed as not 
important, or almost, not different than the current water carbonate chemistry 
alternation for the surface water mass present at the study area in order to establish a 
correct interpretation for this data, that only will be used as a complementary proxy in 
the discussion with the other explained proxies. 
 
4.6 Discussion 
Attending to bibliography of the study area (Lebreiro et al., 1997; Sánchez-Goñi 
et al., 1999, 2008; Cayre et al., 1999; de Abreu et al., 2003; Salgueiro et al., 2010) and 
other works carried out in the same cores (Chapter II; Chapter IV), the identification of 
HE in GIB is relatively easy. Detailed implications of HE on the regional oceanographic 
structure have been shown by many authors (Lebreiro et al., 1997; Sánchez-Goñi et al., 
1999; de Abreu et al., 2003; Voelker et al., 2009; Salgueiro et al., 2010) but they did not 
address in depth some aspects related to paleoproductivity changes or water column 
differences between the more continental margin and offshore conditions for a 
particular area. The discussion of this work is focused on the surface water structure and 
on planktonic foraminifera habitats variations in the GIB during the last glacial cycle. The 
change of these habitats related to oceanographic and climatologic variations allows to 
explain surface water masses and surface current changes at different times slices and  
in different places of the basin attending to how offshore conditions were. 
The impact of abrupt climatic changes in the water column involves significant changes 
in the oceanographic setting and productivity of the GIB. This fact and the other climatic 
changes occurred during the past 60 ka, shows the GIB as a good area to explain the 
planktonic foraminifera response in terms of their assemblages, oceanographic 
conditions and productivity.  
 
4.6.1 The specific signatures of HE in across the GIB  
The individual signal of the each HE in the GIB lacks remarkable differences to 
well described and studied characteristics of these events over the NW Iberian Margin. 
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The particular approach of this work allows to focus the discussion on the particular 
effects of HE in a specific area as the GIB. In previous works (Lebreiro et al., 1997; 
Sánchez-Goñi et al., 1999; de Abreu et al., 2003; Vautravers and Shackleton, 2006; 
Voelker et al., 2009; Eynnaud et al., 2009) the characteristics of the assemblages during 
HE and the IRD counts were perfectly established along all the Iberian Margin, including 
the SST signal obtained with different proxies (Pailler and Bard, 2002; Martrat et al., 
2004; Skinner and Elderfield, 2005; Salgueiro et al., 2010). Only some of these works 
take into consideration lateral or spatial differences between HE (Eynaud et al., 2009). In 
this work only the special different features that the HE show at the GIB attending to 
how offshore conditions of the sea surface of cores were. 
Core FSG09-16 has been considered reference to decipher the signals of HE in 
the GIB because it represents a continuous and complete record for the last 63 ka 
(Chapter II; Chapter V), including the six classical HE (Heinrich, 1988) and HE5a (Rashid et 
al., 2003). This fact enables an accurate correlation with other cores from the Iberian 
margin, in particular with the well-studied core MD95-2040 (de Abreu et al., 2003; 
Salgueiro et al., 2010; Fig. 4.11). Despite some minor discrepancies in age models before 
35 ka, the correlation can be easily established based on Heinrich layers (Fig. 4.11) 
between both cores. The comparison of the IRD counts between these cores (Fig. 4.11) 
shows the lower IRD content in the southern core as a response to its southern position, 
out of the strongest iceberg melting areas (Eynaud et al., 2009). Thus, the differences of 
the IRD abundance during the HE were according to polar front position, even for the 
most abrupt events H1 and H4 related by Eynaud et al. (2009) where the Atlantic Iberian 
Margin shows a latitudinal iceberg and melting gradient. On the contrary, the 
abundance of N. pachyderma (sin) was higher in core MD95-2040 during H2 and H5 than 
in core FSG09-16. Lower abundances of this polar species in the northern core could be 
related to local oceanographic differences that modulated the signal of these HE along 
the Iberian Margin. This difference for the H2 could be due to the direct arrival of 
icebergs (and IRD) directly from the west to the MD95-2042 position (Grousset et al., 
1993). Something similar could happen with H5 due to the similar characteristics with 
H2.This fact could be related to the weak character of these events respect to the most 
abrupt events in the GIB: H1 and H4 (Chapter II; Chapter V). 
Sea surface oceanography of the GIB during the HE respond to a global 
oceanography configuration for the North Atlantic. During HE the Atlantic Overturning 
Circulation (AMOC) would be reduced or stopped due to the switch off of the NADW 
formation (Sarnthein et al., 1994; Rahmstorf et al., 2002) what could be a cause or an 
effect of the southern migration of the Polar Front. Following the link of North Atlantic 
oceanography setting and the oceanography of the GIB, the currents of the Galicia 
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Margin (Lebreiro et al., 1996; Grousset et al., 2000; Eynaud et al., 2009), as the NAC or 
PC, were affected during HE. The strong signal of H1 and H4 and Polar Front position 
during these events (Eynaud et al., 2009) reduced the signal of the local oceanography 
or it was masked it by polar waters invasion. These HE (H1 and H4) do not reveal more 
information than the massive arrival and melting of the icebergs in the GIB. The signal 
pattern of H1 and H4, as the most strong events, can be directly correlated with other 
event, H6, attending to the IRD content and the N. pachyderma (sin) abundance (Fig. 
4.11). H6 can be characterized as a strong event, with the same surface oceanographic 
characteristics that the H1 and H4 for all the GIB (Fig. 4.2).  
 
Figure 4.11: HE proxies comparison (IRD count and N. pachyderma (sin) abundance) between FSG09-16 and 
MD95-2040, a reference core of the Iberian Margin (de Abreu et al., 2003 and Salgueiro et al., 2010). 
Different intensities of individual HE caused different effects in the North 
Atlantic circulation (Grousset et al., 1993; Lebreiro et al., 1997; Eynaud et al., 2009) and 
in the surface current circulation over the Iberian margin. Contrary, the Iberian Margin 
oceanography setting during the HE could change or modulated the HE signal and 
effects over the margin (Chapter II). In consequence, the strongest HE reproduce the 
most pure signal of iceberg melting without interactions with local oceanography. 
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Nevertheless, the signals of HE which are not identified as strongest, as H2, H3, H5 and 
H5a, could be diverse at different places of the GIB (Fig. 4.2) following their intensity and 
the GIB oceanography status. During these events, although currents originated in the 
North Atlantic gyre were stopped or reduced, currents like the IPC, with the origin in the 
latitudinal gradient of density, could be present. This current could inhibit the signal of 
the weaker HE in the GIB (Chapter II) and could modulate the signal of the icebergs 
arrival too. The effects of local oceanography during H2 and H3 were described in 
previous work (Chapter II) but in particular H5a, described as an HE by Rashid et al. 
(2003), shows different features at different cores. N. pachyderma (sin) abundance is 
80% at the lower slope and 40% at the centre of the basin. This difference is weaker 
considering IRD abundances, but debris content is also higher in the lower slope (Fig. 
4.3). This decoupling in the signal of H5a could responds to different iceberg melting and 
discharge of solid load in the GIB. While the arrival of icebergs at the centre of the GIB 
and other offshore locations of the Iberian margin might be controlled by the intensity 
of each HE, an accumulation of icebergs could occur towards the coast, located at upper 
slope due to sea-level fall during glacial times (Siddall et al., 2003). More icebergs 
melting over the slope than in offshore areas would explain higher debris discharge to 
the bottom and the presence of colder melt water at the surface, and thus, higher IRD 
and N. pachyderma (sin) abundances at this place. 
 
4.6.2 Planktonic foraminifera assemblages at the GIB 
The three cores analysed in this chapter show similar records of planktonic 
foraminifera, SST and stable isotopes, regardless their position in the GIB (lower slope, 
centre of the basin, east flank of Galicia Bank). Despite the absence of strong differences 
between common proxies, a more detailed analysis of the records reveals minor 
differential patterns. These patterns could be explained by local hydrographical 
conditions related to shifts of regional currents, surface productivity, etc. 
Strong changes observed by planktonic foraminifera assemblages are linked to 
abrupt climate changes. This fact reveals the recurrent idea of an alternation of two 
contrasted estates; the HE estate and the no HE intervals (Chapter II; Chapter V). These 
two estates are clearly expressed by the results extracted from the Factor Analysis, with 
two factors (F1 and F2) explaining the 94 % of variance (Fig. 4.7). F1 represents 
planktonic faunas living during no-HE periods, out of the direct action of  iceberg arrival 
and melting, and F2 is controlled by the polar N. pachyderma (sin) living at these 
latitudes during HE. The F1, attending to its species loads, can be related to the NAC 
planktonic foraminifera assemblage (Ottens, 1991). So, two principal sea surface states 
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are identify for the GIB, HE state and the state identify with the NAC current. 
More in detail, F1 shows a relatively high constant load along whole cores except for HE 
(Fig. 4.7). The interpretation of this factor is based on the high abundance of N. 
pachyderma (dex), typical from moderately stratified waters, and on lower extent 
abundances of G. bulloides and G. inflata, markers of surface mixed layer or low 
stratified waters (Table 4.3). The GIB is influenced by the NAC, concretely by the action 
of the warm branch of these current, the Portugal Current (PC) and the more coastal 
Portugal Coastal Current (PCC; Saunders, 1982).This current determines the presence of 
warm and stratified waters (respect to the HE), although seasonal productive periods 
also take place, currently, during the summer (Salgueiro et al., 2008). Besides, these 
fluctuations of the productivity are also supported by changes of G. inflata abundance, 
marking higher or lower surface mixed layer prevalence (Fig. 4.4, Fig. 4.5, Fig. 4.6). 
Higher loads of F2 coincide with Heinrich Events, when a quasi monospecific 
assemblage of N. pachyderma (sin) colonized the studied region (Chapter II; Chapter V). 
Noticeable loads of F2 have been observed out of HE (Fig. 4.7), in concordance of SST 
drops (Fig. 4.3). The transitions between F1 and F2 loads during the HE start and end 
extremes, according to the reasons in Chapter V, could be linked to strong seasonality 
occurred within the events (Fig. 4.3) and not necessarily linked to MAT-SST drastic falls 
(Fig. 4.3).  
Attending to the planktonic foraminifera assemblages, the two principal factors 
and the SST record of cores (Fig. 4.3), connections between the SST ranges (A, B and C) 
and factors can be easily established. Obviously, F2 is directly related to the coldest SST 
range A, identified with HE. F1, the factor that explain the surface water column of the 
rest of the records is related with the warmer and more frequent SST range C (Fig. 4.9). 
If these two factors coincide with SST extreme ranges, the combination of both, F1 and 
F2 would be the responsible of the SST range B. This idea is based on the species 
substitution between F2 to F1 or vice verse that occur in along this range (Fig. 4.9). On 
this way, the SST range B shows the transitions between the “warmer” conditions and 
HE and the recovery of the “warm” conditions at the end of these extreme cold events. 
These transitions, the interchanges between F1 and F2 loads, and SST range B, could be 
the reflection of seasonality within the HE and during HE star and end in the GIB 
(Chapter V). 
F1 and F2 add few information to that given by the trend of the three dominant 
species, but F3 and F4, together with the individual species variances, can reveal 
significant aspects about the evolution of regional oceanography, despite the marginal 
percentage of variance explained by these factors (Table 4.3; Fig. 4.7). F3 is dominated 
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by G. bulloides, and T. quinqueloba with positively (but not really significant) load (Table 
4.3). Both species indicate relatively high productivity and a mixed sea surface. High 
loads of this factor could show upwelling conditions or an enhanced open ocean 
seasonal bloom. The mixed surface water column agrees with negative load of N. 
pachyderma (dex) which marks more stratified waters. F4 is dominated by G. inflata 
(Table 4.3), that marks a relatively productive and mixed surface water column, but less 
than F3. Then, F4 high loads represent more stratified and less productive water column 
than F3. 
These factors (F3 and F4) and their variations could act as complementary 
information for the principal two contrasted states, HE and NAC sea surface 
configuration. The residual factors have a depreciable influence over HE extreme cold 
conditions attending to the monospeficic dominance of N. pachyderma (sin) in the 
planktonic foraminifera assemblage. Nevertheless, these two sub-states could have 
relevance in the periods dominated by F1, attending to the similar species compositions 
of these three factors (F1, F3 and F4; Table 4.3; Fig. 4.4, Fig. 4.5, Fig. 4.6). The three 
species that form F1, F3 and F4 are included in the NAC planktonic foraminifera 
assemblage (Ottens, 1991) and, currently live at the GIB (Salgueiro et al., 2008). Changes 
in the abundances and in the load of each species not need an external action as the 
iceberg arrival, and can represent probable conditions of current sea surface 
configuration. F1 dominance and F3 and F4 different loads along the records could mark 
two sub-states or two configurations of the NAC sea surface structure. F1F3 is a NAC 
status with high loads of F3, and F1F4 is a NAC status with high loads of F4. 
The GIB is an area with active interaction between currents and water masses 
(as was explained in the regional setting). The different oceanographic configurations of 
the surface water column in the GIB are a response, also nowadays, of the currents that 
flow along the GIB and the intensity of central water masses formation (Varela et al., 
2005). Nowadays, the two most common surface water column configurations of the 
GIB respond to the seasonal variations between the PCC and the IPC influence. The 
presence of each current are linked to a subsequence change of the surface and sub-
surface water masses dominance, the ENACWsp and ENACWst respectively. The PCC 
water column configuration corresponds with the current spring-summer season. The 
water column during these seasons is dominated by the ENACWsp, and corresponds to a 
more productive configuration. Due to the lower SST, this state represents a lower 
stratified sea surface (Paillet and Arhan, 1996). Contrary, the IPC autumn and winter 
current dominance is linked with the ENACWst, marking a lower productive and a 
relatively more stratified sea surface (Varela et al., 2005). The change between both 
water column along the year shows, in general, a modulation of a principal 
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homogeneous water column state, identified yet with the NAC state. The SST variation 
for the GIB between the seasons ranges 13-17 °C (Chapter V), similar to SST range C 
(11.5-16 °C). The two water column states could explain the sub-states (F1F3) and (F1F4) 
as a response of the prevalence of a concrete seasonal configuration in the GIB. F1F3 
high loads along the records could explain the prevalence of the PCC conditions, 
corresponding to the colder extreme of SST range C. Besides, F1F4 high loads could mark 
the IPC conditions prevalence intervals, representing the warmer extreme of SST range 
C.  
With these characteristics, different water column configurations and the 
addition of other proxies like the SST, δ13C and δ18O is possible to describe the surface 
water characteristics and the oceanography of the study area (GIB) during the past 60 ka 
with precision. 
δ13C of G. bulloides and, in general for the planktonic foraminifera is not an easy 
proxy to use for a direct and clear interpretation of the water masses environment. This 
proxy can be related to the nutrient concentrations of the planktonic foraminifera water 
masses habitats (Broecker and Peng, 1982), to the productivity and to the SST (Peeters 
et al., 2002). Trying to use this proxy in the surface water column interpretation 
(attending to the habitat of G. bulloides) and considering the obtained changes in the 
SST, the δ13C data will be used carefully in this work in terms of productivity.  
 
4.6.3 Surface oceanographic settings and coupling between the oriental extreme and 
the centre of the GIB during the past 60 ka 
The similarities between the three cores during the four described periods (0-10 
ka; 10-20 ka; 20-30ka; 30-60 ka) establish a general oceanographic evolution of the 
basin. Minor differences between cores can reveal different conditions at different time 
slices determined by coreslocation in the GIB, covering a transect between the two 
borders of the basin. Therefore, not only the history of the basin can be interpreted, but 
also spatial features for a given interval. Local features might be related to surface 
currents and water-masses shifts caused by climate fluctuations. 
Most significant differences between GIB domains are detected between 60 ka 
and 20 ka, as it was established for the GIB ( Chapter II). No relevant spatial differences 
have been observed during the LGM, H1, deglaciation and Holocene, suggesting a 
common and homogenous oceanographic behaviour of the basin to these climatic 
changes.  
Only cores FSG09-16 and GeoB 11035 record whole the oldest period (30-60 ka). 
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Low productivity conditions would characterize this period based on the low abundance 
of upwelling species (Fig. 4.4; Fig. 4.5), almost until H4, where an increase of upwelling 
species and F3 load, mark a recovery in the productivity (Fig. 4.7). This recovery could 
start just in the start of H5. Low F3 and high F4 load (Fig. 4.7) at these period show a sea 
surface stratified where N. pachyderma (des) is dominant (Fig. 4.4; Fig. 4.5). The sea 
surface configuration at these ages would be linked to the F1F4 water column 
configuration where the IPC conditions prevalied. This fact can be supported too by the 
relatively high and sustained SST, also between 40-60 ka. The δ13C increase since the end 
of H6 (Fig. 4.3) suggests, together with the other proxies, a sustained enhanced 
productivity (Mackensen and Bickert, 1999), almost, as was related, until the start of H5. 
Some particular considerations are required for the interval 30-45 ka when the 
oceanographic configuration could start to reverse the pattern in the SST and 
seasonality (Fig. 4.3). Both proxies experiment a decrease in 30 ka. A parallel decrease of 
F4 load followed by an increase of the F3 can mark more productive conditions in the 
ending part of the period 30-60 ka (Fig. 4.7). Attending to GIB local variations, although 
FP abundance is higher in the more offshore cores (Fig. 4.3), not striking differences in 
the productivity and the surface water structure appear based on the planktonic 
foraminifera assemblages and the factors analysis (Fig. 4.3; Fig. 4.4, Fig. 4.5, Fig. 4.6). FP 
accumulation in the offshore cores could be related to the dilution of the FP with the 
terrigenous material input, higher in the areas closer to the coast. Besides, lower 
sedimentation rate of the offshore than the coastal cores is recorded for this period 
(Chapter II).  
The most significant difference between records, and consequently, between 
basin divisions occurs between 20-30 ka. Eastern core, GeoB 11035 does not record H2 
and H3, while both events are clearly recorded in core FSG09-16 (Chapter II; Chapter V). 
The absence of H2 and H3 was explained by the establishment of an oceanographic 
barrier during 20-30 ka by the IPC. At this time, iceberg arrival to more coastal parts of 
GIB were stopped by an enhance IPC, due to the high latitudinal density gradient 
(Herrera et al., 2008) during the cold periods caused by the southern position of the 
Polar Front, especially during the HE (Eynaud et al., 2009). This fact is supported by the 
oceanographic proxies shown in this work, like SST and different faunal assemblages 
between the domains of the GIB (Fig. 4.4, Fig. 4.5, Fig. 4.6; Chapter II). Besides the 
different signal of the HE in the GIB for this period, the faunal analysis support different 
oceanographic configuration for the NAC domain intervals along the GIB. The 
predominance of the F3 in core FSG09-16 versus core GeoB 11035 reveals more 
productive offshore conditions with a weaker stratified water column respect to more 
coastal conditions. This period is shown like a homogeneous period in core GeoB 11035, 
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without the sub-millenial scale fluctuations identified at the same moments in core 
FSG09-16 (Chapter V; Fig. 4.3). These sub-millenial changes can be connected to the two 
oceanographic settings marked for the NAC assemblage: the F3 domain with low 
stratified surface waters and prevalence of the ENACWsp conditions by the PCC action 
and the F4 high load with more stratified waters and prevalence of the IPC and the 
ENACWst input to the area. 
The difference between the centre of the GIB and the continental slope border 
is absent in some of these sub-millennial changes recorded in the FSG09-16, and both 
cores shows similar common signal. These isolated common points occur during the 
warm peaks of core FSG09-16 (Fig. 4.3) where the signal of the oriental and centre GIB 
show a common answer in the planktonic foraminifera abundance (Fig. 4.3) and in the 
minority factors, F3 and F4 (Fig. 4.7). These warm peaks show a GIB, also in centre and 
oriental border, under the influence of the ENACWst water column conditions, linked to 
an enhanced and remained IPC (Chapter II). The main divergence between the centre 
and the oriental border of the GIB, is reinforced during the cold intervals presents in 
core FSG09-16 SST record (Fig. 4.3).  
If the minority species are taken in consideration for this period (Fig. 4.4, Fig. 
4.5), cores show apparent similarities in trends and values. This fact can be interpreted 
as a similar background conditions at the area, the NAC configuration, where only the 
majority species had significant changes in their abundance in the sub-states F1F3 and 
F1F4. The abundance of T. quinqueloba (Fig. 4.4; Fig. 4.5), which is always higher at the 
centre of the basin, could be an exception related to the lower stratification of the 
centre of the GIB with respect to the continental slope, where the highest intensity of 
the IPC and the highest stratification took place. The strong stratification would 
decrease progressively to the centre of the basin, towards more offshore conditions. 
The decoupling between the centre of the GIB and the oriental border produced 
a W-E gradient of SST of around 4° C (Fig. 4.3). This gradient is similar to the current 
conditions between the IPC action area and the offshore conditions (Herrera et al., 
2008; Salgueiro et al., 2008; Relvas et al., 2009). The SST gradient and its disappearance 
during some intervals could help to understand the significance and power of the 
building up of the IPC barrier to refuse the iceberg melting towards coastal areas. The 
presence of the warm barrier and the melting of icebergs, in the oriental border or the 
centre of GIB, could help to increase the gradient too, also during H2 and H3. 
Summarizing, between 20-30 ka while the continental slope still remained under 
the prevalence of the IPC action and the ENACWst sea surface configuration, the centre 
of the basin present an ENACWsp sea surface configuration with the PCC action. The 
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warm peaks of core FSG09-16 (Chapter V; Fig. 3), coincided with lower loads of the F3 
(Fig. 4.7), were produced by displacement of the IPC conditions to the centre of the GIB 
during this period.  
The two periods described between 0-20 ka lacked different patterns between 
the three records. The period 10-20 ka was characterized by low stratified waters and 
low F3 load (Fig. 4.7). The first part of this period, excluding H1 widely described in this 
and other works (Chapter II; Chapter III; Chapter V), shows significant shifts in F3 while 
F1 have a homogenous and stable background load (Fig. 4.7). The F3 shifts and water 
column stratification changes were lower than those at the previous described period 
(20-30 ka). This fact, linked to the small changes in SST record and between the SST of 
cores, marks an alternation between the two sea surface configurations (IPC and PCC) in 
a short scale or with a minor impact in the oceanography of the area than the previous 
ones. 
The fall in the abundance of upwelling species as G. bulloides or T. quinqueloba 
previous to H1 (Fig. 4.4, Fig. 4.5, Fig. 4.6) and the relatively homogeneous SST recorded 
(Fig. 4.3) should be followed by a higher stratified sea surface, but only the δ13C 
decreased (Fig. 4.3) as a response to the upwelling species drop. Both trends could 
respond to a gradual decreasing of GIB productivity during the LGM period, supported 
by the prevalence of the ENACWst in all the GIB transported by the IPC. The continued 
presence of this current allowed to remain the warmer SST and salinity conditions do 
not reflect this interval (16-20 ka) as a very cold period in GIB. It was reported too for 
the Iberian Atlantic Margin (Skinner and Elderfield, 2005; Voelker et al., 2009). 
After H1 and until Holocene start (10-15 ka) a recovery of productive conditions 
is show by the increase of the upwelling species (Fig. 4.4, Fig. 4.5, Fig. 4.6), the F3 load, 
marking the recuperation of the NAC conditions (F1 increase)after H1. It is also 
supported too by the increase in SST at the same time (Fig. 4.3). The signal of the 
climatic global events occurred at this time, the Y-D and the B-A are only clearly 
recorded in the isotopic data (δ13C and δ18O) following the trends showed in other cores 
of the Iberian Margin (de Abreu et al., 2003; Voelker et al., 2009). No noticeable 
characteristics can be established for the GIB with respect the conditions already 
established.  
During the Holocene (0-10 ka),  δ18O record shows a plain constant values 
without a significant trends, as was documented previously for the area (Lebreiro et al., 
1996; Sánchez-Goñi et al.,1999; de Abreu et al., 2003; Salgueiro et al., 2010). In the 
same way, F1 and F2, record a homogeneous constant signal (Fig. 4.7) as SST in the 
three cores. The Holocene shows F3 load decrease (Fig. 4.7) that reflects a soft Holocene 
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trend to the prevalence of the IPC conditions, but without affectation of the SST and the 
water column conditions. The changes in the more abundant species, N. pachyderma 
(des) replace G. bulloides from the start of the period to the top of the core (Fig. 4.4, Fig. 
4.5, Fig. 4.6), and the F3 decrease, could reflect a start of the Holocene (until ~5 ka) 
characterize by a F1F3 (PCC) sea surface configuration, with prevalence of the ENACWsp 
that became progressively weaker to the top. 
 
4.7 Conclusions 
The extensive analysis of a particular and small basin, the GIB, by means of the 
planktonic foraminifera assemblages, and other proxies with a significant oceanographic 
character was used in this work (SST, δ18O, δ13C). This work contribute to acquire a more 
precise view of the planktonic foraminifera faunas of the Galicia Margin, extensively 
studied from a sediment surface and coastal areas analysis (González-Álvarez et al., 
2005; Salgueiro et al., 2008), but poorly studied for the Pleistocene ages, where only 
southern data were studied (Lebreiro et al., 1997; Cayre et al., 1999; Voelker et al., 
2009). The study of the response of the planktonic foraminifera assemblages to the 
climatic periods and events during the past 60 ka contribute to understand the relation 
of these assemblages with the changes of the local oceanographic conditions as a 
response to the climatic global fluctuations. 
In this work, the SST reconstruction based on MAT is presented with the 
abundance of each species. The presence of three SST ranges (A: 1-3.5 °C, B: 5-9.5 °C, C: 
11.5-16 °C) are responsible of three concrete assemblages (HE-A, NAC-C and the 
transition between both-B) and helps to understand the sea surface configuration for 
the GIB oceanographic evolution. 
Based on the analysis of the three cores, the planktonic foraminifera evolution in 
the GIB could be describe as an alternation between the HE and the no HE stages that 
supports the interpretation mentioned in other works (Chapter II, Chapter V). This 
alternation could be established between the HE (F2) widely represented in all the 
records and the no-HE (F2) states where a foraminifera assemblage typical of the North 
Atlantic (NAC assemblage). This NAC assemblage can be specified in other two 
oceanographic configurations attending to the load of marginal factors F3 and F4 which 
show a more (F1F4) or less (F1F3) stratified sea surface respectively within the NAC 
assemblage. These sub-states helps to characterize the evolution of the GIB during the 
past 60 ka based in the prevalence of the ENACWst (F1F4) and ENACWsp (F1F3) in the 
sea surface. The dominance of the ENACWst is currently associated with a more 
stratified water column, with a limited productivity while the ENACWsp is associated 
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with more productive conditions of the water column (Varela et al., 2005; Rossi et al., 
2013). The GIB oceanographic evolution during HE is characterized by the presence of 
polar water mass where the iceberg melting and the southward position of the Polar 
Front allowed the invasion of cold and less saline water into the GIB.  
The small size of the basin is responsible of a common oceanographic evolution, 
although significant differences related to the glacial stage and the extreme cold events 
are found within the GIB. These differences show significant variations in the 
oceanography currents setting and surface water masses prevalence between more 
coastal domains and offshore conditions especially between 20-30 ka. During this 
period, in the GIB appears the action of both water masses, ENACWst and sp, linked to 
the IPC and PCC action respectively. The different behaviour of the GIB domains, and the 
related currents that could domain in each part of the basin (PCC-centre of the GIB and 
IPC-lower slope) could even build up a barrier to the iceberg arrival, avoiding the 
achievement of the HE occurred during this period, H2 and H3, in the record of the 
lower continental slope. 
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Multi-proxy SST reconstruction from the NW 
Iberian Margin during the last 60 ka BP: decoding 
the seasonal impact of the Heinrich Events 
 
 
 
 
5.1. Introduction 
The Atlantic Iberian Margin proven to be an extraordinary location for the study 
of rapid climate variability during the last glacial cycle (Lebreiro et al., 1996, 1997; 
Sánchez-Goñi et al., 1999; de Abreu et al., 2003; Skinner and Elderfield, 2005; Voelker et 
al., 2009). The Northwest Iberian Margin, the Galician Atlantic continental margin, is 
located at mid-latitudes of the Northern Hemisphere, within the transitional area 
between the polar-subpolar and tropical-subtropical conditions. This area presents the 
interaction of several surface and subsurface water masses sensible to climatic and 
oceanographic variability of the North Atlantic region (Fig. 5.1). 
The studied core FSG09-16 was recovered from the Galicia Interior Basin (GIB, 
Fig.1). The GIB is a narrow basin at around 3000 m depth located between the western 
Iberian Margin and the Galicia Bank where climatic and oceanographic changes have 
been documented in previous studies (Bender et al., 2012). The modern oceanography 
of the Galicia Continental Margin (Fig.1) is dominated by the Portugal Current (PC) 
flowing southwards as a slow branch of the North Atlantic Drift and the more coastal 
Portugal Coastal Current (PCC). Closer to the coast, the seasonality of the currents is 
higher and the shelf and upper slope are dominated by shelf winds which control an 
upwelling-downwelling coastal regime (Varela et al., 2005). Two end members of the 
Eastern North Atlantic Central Water (ENACW, modal members presented in Fig. 5.2), 
the warmer and saltier subtropical ENACW (Fraga et al., 1982) and the subpolar ENACW, 
colder and less saline (Harvey et al., 1982), conform the upper part of the water column 
(upper 500 m), converging in a subsurface mobile front, the Finisterre Front (Fraga et al., 
1981). In the conceptual model, during spring and summer months, northerly winds 
promote the coastal upwelling of the ENACWsp, whereas during winter southerly winds 
and the increase of the latitudinal density gradient (Herrera et al., 2008) form the 
Iberian Poleward Current (IPC) flowing northwards and carrying relatively warm and 
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salty waters of the ENACWst. Below the ENACW, the Mediterranean Water (MW) flows 
northwards reaching 1500 m depth. The deepest areas of the low continental slope and 
the bottom of the Galicia Interior Basin are filled by the Labrador Sea Water (LSW) and 
the North Atlantic Deep Water (NADW, below 3000 m). These water masses and the 
modal water characteristics, together with the water column structure with 
temperature and salinity for the study area (CTD point Fig. 5.1) are showed in the Fig. 
5.2. To focus the study, the position of the core (120 km from the coast) is currently out 
of the coastal upwelling-downwelling regime, but it could be influenced by the upwelling 
filaments actions (Barton et al., 2001). The influence of coastal upwelling and filaments 
during the glacial period, assuming the global low sea level for this period, could be 
higher than currently (Freudenthal et al., 2002; Incarbona et al., 2010). This situation 
could occur with other slope and coastal currents, as the IPC, which in modern time 
could influence the core position (Varela et al., 2005) although would be not under the 
direct action of this current. During a low sea level scenario the ICP could move offshore 
the action area and it could have more influence. 
The most pronounced climatic events that have affected the area during the last 
60 ka are the Heinrich Events (Heinrich, 1988; de Abreu et al., 2003). Heinrich Events 
(HEs) are identified as extreme cold events (Cortijo et al., 1997; Hemming, 2004). During 
HEs large amounts of icebergs were delivered from the Laurentine (Heinrich, 1988; Bond 
et al., 1992; Broecker et al., 1992), Fenno-Scandinavian, Icelandic (Grousset et al., 1993, 
2000; Bond and Lotti, 1995; Revel et al., 1996, Elliot et al., 1998, Sánchez Goñi et al., 
1999; Snoeckx et al., 1999) and British-Irish ice sheets (Scourse et al., 2000; Richter et 
al., 2001). Freshwater derived from iceberg melting invaded the surface of North 
Atlantic Ocean and provoked drastic changes on the Atlantic Meridional Overturning 
Circulation (AMOC) (Vidal et al., 1997). Effects in the oceanography of the Iberian 
Margin have also been documented, where icebergs were carried out by North Atlantic 
anticyclone polar surface circulation (Lebreiro et al., 1996). Particularly in the sediment 
cores from the Atlantic Iberian Margin, HEs are represented by high abundance of ice 
rafted debris (IRD), polar planktonic faunas (mainly Neogloboquadrina pachyderma left-
coiling, N. pachyderma (sin.)) and proxy-data indicate abrupt drops in SSTs (Lebreiro et 
al., 1997; Naughton et al., 2009). Detailed studies on these HEs reveal different 
characteristic on the records of individual HEs concerning their intensity and duration 
which ultimately should assist in understanding the underlying mechanism responsible 
for these rapid climatic variability. The Iberian Margin is particularly sensitive to record 
the differentiated impact of the HEs due to its meridional position of the IRD belt 
(Ruddiman, 1977), at the edge of the direct influence of the HEs iceberg melting 
(Naughton et al., 2009; Eynaud et al., 2009). 
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Figure 5.1: Location of the studied core FSG09-16 (red star) and schematic diagram of the surface and 
subsurface circulation along the Galician Continental Margin (modified Varela et al., 2005). The blue point 
indicates the CTD position in Fig. 5.2. (PC- Portugal Current, PCC-Portugal Coastal Current, IPC- Iberian 
Poleward Current). The dotted area indicates the domain of Galician Interior Basin. The dark grayish area is 
the position of the Finisterre front, and in light grayish area are the current oscillation zones of this 
subsurface front. In the Iberian Peninsula plot, the schematic position over the Iberian Margin of the 
studied cores are displayed: MD99-2334 (Skinner and Elderfield, 2005), MD01-2443 (Martrat et al., 2004) 
and MD95-2042 (Pailler and Bard, 2002). 
This study presents two independent SST reconstructions for the last 60 kyr from 
core FSG09-16 recovered from the GIB (Fig. 5.1). The applied SST proxies are Mg/Ca 
ratio measured on monospecific samples of the planktonic foraminifera Globigerina 
bulloides, a typical surface (Schiebel et al., 1997) species indicator of upwelling areas 
(Meggers et al., 2002), and assemblage counts using the Modern Analog Technique 
(MAT). Results from this core are compared to other previously published alkenone and 
Mg/Ca-SST records from the SW Iberian margin SST information is complemented with 
other proxies sensitive to HEs dynamics such as a sea water δ18O (δ18Osw) 
reconstruction, IRD counts and the abundance of the polar to subpolar planktonic 
foraminifera N. pachyderma (sin.). The discussion is mainly focused on the largest 
changes detected in the Mg/Ca-SST record which presents remarkably differences with 
other proxies that happen to occur associated with the strongest HEs (H1 and H4). This 
multi-proxy comparison provides an interesting insight on the oceanographic impact of 
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these extreme climatic oscillations at the Iberian Margin and on the seasonal signature 
of different proxies.  
 
Figure 5.2: Salinity and temperature data extracted from the Levitus data base (World Ocean Atlas 2001) 
from a location in close proximity to the studied core (blue point marker in Fig. 5.1). ENACWst: Subtropical 
Eastern North Atlantic Central Water; ENACWsp: Subpolar Eastern North Atlantic Central Water. 
 
5.2. Material and methods 
5.2.1. Core description 
Gravity core FSG09-16 (41°59’N 10°17’W, 2708 meters below sea floor (mbsl), 
390 cm long) was recovered from the Galicia Interior Basin, a narrow basin between the 
Galicia Continental Slope and the Galicia Bank (Fig. 5.1), NW of the Iberian Peninsula 
during the ForSaGal 2009 cruise on board the R/V Sarmiento de Gamboa. 
The core presents a relatively uniform lithology composed by bioturbated (from 
sparse to moderate) silty sediments with different proportions of biogenic carbonate 
material. Relatively more biogenic-dominated sediments (due to high abundance of the 
biogenic fraction, mainly planktonic foraminifera (PF)) form the uppermost 30 cm core 
(~6000 PF per gram of bulk sediment (gbs))as the most different interval of the, very 
distinctive from the rest of core with 2000 PF/gbs. Core are composed of grey to olive 
moderately bioturbated mud with fine to medium sand (usually foraminifera). 
Characteristic centimeter levels in the core present significant abundance of quartz and 
detritic calcite grains. 
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5.2.2 Age Model 
The age model (Fig. 5.3) of core FSG09-16 was initially constructed using seven 
14C AMS (Accelerator Mass Spectrometry) dates on monospecific planktonic foraminifera 
(G. bulloides, Table 5.1) carried out in the Center for Applied Isotope Studies (University 
of Georgia) covering the last 38 ka BP. The ages were calibrated using the Fairbanks 
0107 calibration curve (Fairbanks et al., 2005) applying a reservoir effect of –400 years 
(Bard et al., 1998). Additional 13 tie points (Table 5.1) were established by correlation of 
the δ18O planktonic signal with the core MD95-2042 (Shackleton et al. 2000) close to the 
study area. Additional point was used to the Holocene 8.2 event identified in the SSTs 
records of this work following Lowe et al. (2008). The core spans over the last 60 ka BP, 
with a mean sample resolution of 150 years cm-1 making possible to identify centennial 
to millennial-scale climate oscillations. 
 
Table 5.1: FSG09-16 age model Time points. 
Lab. Event Depth AMS 14C Error Calibr. 14C Assigned Refence 
    cm years years ka ka   
- 8.2 20 - - - 8.20 Lowe et al., 2008 
- Hol. BASE 26 - - - 11.68 Shackleton et al., 2000 
UGAMS AMS 
14
C 30 9860 30 10,70 
 
Fairbanks0107 
- Top 1 32 - - - 13.93 Shackleton et al., 2000 
UGAMS AMS 
14
C 44 12190 40 13,65 
 
Fairbanks0107 
- Base Bölling 44 - - - 14.56 Shackleton et al., 2000 
UGAMS AMS 
14
C 76 15460 50 18,23 18.23 Fairbanks0107 
UGAMS AMS 
14
C 102 17030 60 19,75 19.75 Fairbanks0107 
UGAMS AMS 
14
C 146 19900 60 23,27 23.27 Fairbanks0107 
- H2 152 - - - 23.74 Shackleton et al., 2000 
UGAMS AMS 
14
C 206 25020 80 29,44 29.44 Fairbanks0107 
UGAMS AMS 
14
C 264 33250 130 38,25 
 
Fairbanks0107 
- Top 8 264 - - - 35.62 Shackleton et al., 2000 
- Base 8 274 - - - 40.16 Shackleton et al., 2000 
- Top 12 314 - - - 45.50 Shackleton et al., 2000 
- Base 12 324 - - - 46.92 Shackleton et al., 2000 
- Top 14 348 - - - 53.36 Shackleton et al., 2000 
- Base 14 350 - - - 53.94 Shackleton et al., 2000 
- 
 
370 - - - 55.46 Shackleton et al., 2000 
-   382 - - - 58.544 Shackleton et al., 2000 
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5.2.3. Stable Isotopes and trace element measurements 
Core FSG09-16 was sampled every 2 cm obtaining a total of 194 analyzed core-
depths. The samples were wet sieved and the fraction >150 μm was studied for 
occurrences and abundances of N. pachyderma (sin.) and ice rafted debris (IRD: quartz, 
non bioclastic carbonates, feldspars grain and volcanic ash). 
In order to perform paired stable isotopes and Mg/Ca analyses, about 65 
specimens of well-preserved and apparently clean tests (250–350 µm) of G. bulloides 
were picked for each sample. Sized dependency of the Mg/Ca has been reported for G. 
bulloides (Elderfield et al., 2002), but this effect is reduced almost for the specific 
selected range size for G. bulloides (Martínez-Botí et al., 2011, Elederfield et al., 2002). 
The tests were gently crushed between clean glass plates and the crushed shell 
fragments were split into two aliquots for each analysis. One aliquot was cleaned using 
the standard protocol for foraminifera Mg/Ca analyses after Barker et al. (2003). The 
cleaning protocol used was the oxidative cleaning protocol (Pena et al., 2005) since the 
samples apparently were not affected by diagenetic or encrusted processes. This 
statement will be refuting at the results chapter (5.3.3) by means of the covariance of 
the Mg/Ca with other elemental ratios that could indicate contamination or encrusted 
processes. Repeated steps of clay removal with MilliQ water precede the oxidative step 
where the organic matter is removed before the weak acid leaching and the final 
dissolution. Measurements were carried out by an Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) Perkin Elmer Elan 6000 at the Centres Cientifico-Tècnics of the 
Universitat de Barcelona (CCT-UB). Analytical precision was estimated to be better than 
0.03‰ for δ13C and 0.08‰ for δ18O by measuring the certified standard NBS-19. 
The aliquot intended for the stable isotopes analyses was cleaned with 
methanol. Measurements were made by a Finnigan-MAT 252 mass spectrometer at the 
CCT-UB and data values are reported on the Vienna PeeDee Belemnite (VPDB) scale. 
 
5.2.4. Modern Analog Technique 
Planktonic foraminifera census counts were carried out in splits containing using 
at least 300 (usually more) specimens from the >150 µm fraction. These counts were 
used to reconstruct SST of the study area using the Modern Analog Technique (MAT) 
(Hutson, 1980; Prell, 1985). Data base used in the software Paleoanalogs 2.0 (Therón et 
al., 2004) in order to extract the modern SST was from Pflaumann et al. (1996) with the 
addition of new core tops and surface samples of the Iberian Margin (Salgueiro et al., 
2008). This completed data base has a total of 1020 core tops samples restricted to the 
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North Atlantic following the conclusions extracted from the MARGO project (Kucera et 
al., 2005). The modern SST for each core top was taken from the WOA01 (World Ocean 
Atlas 2001, 1° grid version) using the temperature at 10 m depth.  
 
 
 
 
Figure 5.3: Upper curve: Oxygen isotope record from MD95-2042 (Shackleton et al. 2000) indicating the 
numbers for the D-O interstadials; Centre panel: δ
18
O measured in G.bulloides from core FSG09-16; Lower 
panel: pointers used in the construction of the age model for core FSG09-16 and resulting sedimentation 
rates. Asterisks: 
14
C-AMS dates; Black diamonds: tie points resulting from the tuning of the G. bulloides 
δ
18
O with the MD95-2042 record; Crosses: tie points resulting from an IRD correlation between core 
FSG09-16 and other Iberian Margin cores (de Abreu et al., 2003). 
5.3. Results 
5.3.1. IRD and N. pachyderma (sin.) abundances 
Seven levels characterized by a high content of IRD and high abundance of N. 
pachyderma (sin.) have been identified in core FSG09-16. Based on core stratigraphy 
and age model, these levels correspond to the well-known Heinrich Events 1 to 6 
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described for the past 60 ka (Fig. 5.4). One additional event of similar characteristics 
synchronous with the Greenland Stadial 15 (GS15) has been named as H5a (Rashid et al., 
2003). 
H1, H3, H4 and H6 record the highest abundances (up to 90%) of N. pachyderma 
(sin.), indicating that these events are the coldest intervals of the studied period. The 
abundance of the specimens during H2, H5 and H5a are 35–40%. With respect to IRD 
counts, the maximum abundance corresponds with H4 (more than 1000 IRD/g bulk 
sediment), similarly to other records in the North Atlantic and the Iberian Margin 
(Vautravers and Shackleton, 2006), and it is followed by H1, with values up to 800 IRD/g 
bulk sediment. H4 and H1 highlight in the studied record as the wider and with higher 
resolution HEs, making possible to identify a double peak structure in the IRD record, 
particularly clear in H1. This pattern has been previously described in the literature for 
both H1 (H1a, H1b) (Lebreiro et al., 1996) and H4 (Lebreiro et al., 1996; Naughton et al., 
2009). The non-pronounced HEs according to the N. pachyderma (sin.) record, H2 and 
H5, are also characterized by relatively high abundance of IRD (800 and 600 IRD/g bulk 
sed., respectively). H3 and H5a register the lowest values of IRD counts. 
 
5.3.2. G. bulloides oxygen isotopes (δ18OG. bulloides) 
The G. bulloides δ18O record from core FSG09-16 varies between 0.4 and 3.4‰ 
(VPDB) and it can be divided in two well-differentiated periods (Fig. 5.4). The youngest 
interval (0–15 ka BP) presents the lowest values (0.4–1‰) and it corresponds to the 
deglaciation and the Holocene. The oldest interval (15–62 ka BP) corresponds to the 
glacial period and δ18O values are higher, ranging between 2–3.4‰. The transition 
between both periods, the onset of the deglaciation after H1, is rapid, recording a 
decrease from 3.4 to 1‰ in 1 ka. 
During the period from 30 to 15 ka BP the δ18O values record the highest values 
of this proxy and it display intense millennial scale oscillations of about 0.5‰. These 
oscillations correspond to the stadial-interstadial variability of the Dansgaard-Oeschger 
(D/O) cycles (Dansgard et al., 1993). The highest δ18O values during this period 
correspond to the Heinrich stadials drawing drastic increased in the record. The three 
youngest HEs included in this period reach highest values (3.4‰) than the older ones 
(H4–H6) which values range from 2.7–2.9‰. 
 
5.3.3. SST reconstruction based on Mg/Ca ratios from G. bulloides 
The diagenetic alteration and/or the contamination by removal or encrustations 
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of mineral phases in the shells could affect the Mg/Ca data obtained in G. bulloides. The 
identification of these processes could be established by the correlation of the Mg/Ca 
ratios with other secondary phase elemental ratios such Al/Ca and Mn/Ca (Skinner and 
Elderfield, 2005, González-Mora et al., 2008). The no correlation between these ratios 
and the Mg/Ca data reports that the contamination did not control the Mg/Ca changes 
and that the election of the oxidative cleaning (Pena et al., 2005) reveals as a valid 
protocol in front of the most aggressive reductive cleaning protocol. The possible 
dissolution in the water column of the G. bulloides shell was dismissed following the 
calculated lower fragmentation index, under 15% (data not showed). 
The salinity effect in the Mg/Ca ratios was shown in laboratory and core-top 
studies without width changes in the estimation of this effect (Friedrich et al., 2012). For 
this work, and based in the apparent correlation between North-South core records 
from the Iberian Margin (Fig. 5.5c), with different oceanographic settings, it is 
established that the temperature dependency of the Mg/Ca in the G. bulloides shell is 
the principal and the most significant relationship, dismissing an significant salinity 
effect or a simultaneous salinity changes between North-South Iberian Margin.  
The planktonic foraminifera G. bulloides is a shallow-dwelling species (0–60 m) 
and records temperatures slightly lower than the surface temperature (Duplessy et al., 
1991) considering that this species is typical of not strongly stratified waters where the 
difference could be significant. According to Pflauman et al. (1996), this species tolerates 
a wide temperature range between 5 and 25°C. The calcification temperature acts as a 
primary control in the incorporation of the Mg2+ into the foraminiferal calcite (Cronblad 
and Malmgren, 1981; Nümberg et al., 1996a; Nümbert et al., 1997b). The Mg/Ca ratio in 
the foraminiferal calcite follows an exponential relation with the form: 
 
)(exp/ TBACaMg   
 
where the parameters A and B represent modeling coefficients dependent on species 
(Elderfield and Ganssen, 2000; Anand et al., 2003). Many culturing experiments and 
empirical calibrations have been used to convert the Mg/Ca ratio to calcification 
temperatures in G. bulloides (Lea et al., 1999; Mashiotta et al., 1999; Elderfield and 
Ganssen, 2000; McConnell and Thunell; 2005; Thornalley et al., 2009, 2010). The 
different coefficients used in the paleothermometer calibrations and their application to 
the Mg/Ca values in core FSG09-16 show that the range of temperatures is highly 
variable and in some cases it shows strong differences. These strong differences are 
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usually more pronounced in periods with very cold SSTs, effect that is known as the Cold 
End error (Weinelt et al., 2001). In order to select the most suitable calibration for the 
studied site the estimated core top SST was compared to the SST from the seasonal 
World Ocean Atlas 2001 for a position close to the studied core (Fig. 5.2, WOA01) 
(Conkright et al., 2002). The compared temperatures were searched in the e upper 50 m 
attending to the G. bulloides preferential dwelling (Schiebel et al., 1997). The calibration 
coefficients were extracted from Thornalley et al. (2009) which provides core top SST 
values around 13°C for the uppermost samples and close to 15°C for the subsequent 
younger samples (Fig. 5.4), closer the first 50 m annual mean temperature (Fig. 5.2). 
Considering G. bulloides as an upwelling species (Sautter and Thunell, 1991) and 
attending to the proliferation period from May to September (Salgueiro et al., 2008), 
these coefficients show the most comparable results with the current conditions (Fig. 
5.2). Besides these reasons, the similarity of the obtained Mg/Ca-SST with these 
calibration parameters and the obtained MAT-SST (Fig. 5.5a) that will be showed in the 
next chapter, support these election. 
The obtained Mg/Ca-SST record ranges between 5 to 15 °C and it is always 
reaching the lowest temperatures during the HEs. The coldest SST recorded correspond 
to H1, with SST as low as 5 °C, whereas SST during other HEs range between 6 to 8 °C. 
The only HE that does not have a clear manifestation in the SSTs record is H4 which 
records the warmest values (9–10 °C) of the six recorded HEs (Fig. 5.4).  
The coldest sustained period recorded in the core (SST about 10°C) is located 
between H3 and H2 (29–25 ka BP) prior to the LGM (23–17 ka BP). The LGM registers 
higher SST, more pronounced than the previous period and it shows progressive of 
decreasing temperatures trend to H1. The period between the base of the core and the 
end of H4 have a similar pattern as the period between H3 and H2 although it registers 
slightly higher SST, but with oscillations that show relatively warmer peaks (12°C). 
From 0 to 15 ka BP, Mg/Ca and MAT (as will be later explained) indicate that 
warmest sustained period (SST around 14 °C) with short cold pulses 2°C colder than the 
mean SST of the period. A warm event with similar temperatures to those of the 
Holocene (up to 14 °C) is recorded at 38 ka BP. 
 
5.3.4. SST reconstruction based on MAT 
MAT-SSTs of core FSG09-16 (Fig. 5.5a) have, in general terms, similar trends as 
those described for the Mg/Ca-SST (Fig. 5.5), showing the minimum temperatures 
during the HEs. The coldest HEs according to MAT-SST are H1, H3, H4 and H6, displaying 
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temperatures below 4°C, in accordance with the maximum abundance of N. 
pachyderma (sin.). Temperatures around 7 °C during H2, H5 and H5a are consistent with 
lower abundances of this polar species. 
With the exception of the HEs, the MAT-SSTs record presents SSTs about 2 °C 
warmer than those recorded by Mg/Ca-SST with the only exception of the period 
between H2 and H4, where values are in close agreement. Although the trends and 
oscillations are very similar between both records, warm periods display a general stable 
trend in the MAT-SST record whereas more fine structures can be described in the 
Mg/Ca-SST reconstruction. 
 
5.3.5. Reconstruction of δ18Osw using Mg/Ca-SST and δ18O 
The δ18O composition of the planktonic foraminifera reflects the interaction 
between two factors, the δ18O of the seawater (δ18Osw) and the calcification 
temperature. Paired analyses of Mg/Ca ratios and δ18O in G. bulloides allow us to 
reconstruct the δ18Osw using the Shackleton (1974) equation:  
 
   218181818 1.038.49.16 seawatercalciteseawatercalcite OOOOT    
 
The resulting δ18Osw integrates global δ18O changes associated with the global 
ice volume of the ice caps and also the local balance between Evaporation/Precipitation 
(Shackleton and Opdyke, 1973). The ice volume effect is extracted using a sea level 
curve (Siddall et al., 2003; Lambeck and Chapell, 2001). This curve does not resolve the 
submillennial global δ18Osw anomalies (Voelker et al., 2009) but provides a broad 
estimate to reduce the global effect of the ice volume and obtain a more accurate 
reconstruction of local changes in δ18Osw. The δ18Osw estimates were converted to the 
SMOW scale using a correction factor of 0.27‰ (Hut, 1987). The δ18Osw data obtained 
(Fig. 5.4) using this methodology were not converted to salinity trying due to preserve 
the use of new parameters not tested for the older periods. The use of the original 
obtained δ18Osw is enough to discuss the characteristics of the water mass where G. 
bulloides calcified without the introduction of new coefficients and functions for the 
δ18O data. The δ18Osw record without the global ice volume correction is showed in the 
Figure 5.4, supporting the use of the corrected values, much closer to the real calculated 
δ18Osw values. 
The δ18Osw values were compared with the present day δ18Osw values in the 
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habitat of G. bulloides. Attending to the modern oceanography (Varela et al., 2005), the 
actual depth habitat of G. bulloides would be dominated by the ENACW. The two modal 
members of this central water, ENACWst and ENACWsp (Álvarez et al., 2004), were 
introduced in the equation (1) (Craig and Gordon, 1965) using the parameters proposed 
by LeGrande and Schmidt (2006) for the Tropical Atlantic and the North Atlantic 
respectively:  
 
(1)     ‰)()‰(18 SbaOsw   
 
In this relationship (1) S(‰) is the salinity, the parameter b is the slope of the 
mixing-line and a is the isotopic composition of the environmental conditions. Modern 
reconstructed δ18Osw has been compared with the G. bulloides reconstructed δ18Osw 
in  ig. 5.4. The values of the δ18Osw, reconstructed based on the δ18Occ (cc: calcite 
calcification) of G. bulloides, are in accordance with the water modal values obtained for 
the central water masses of the region along main part of the core. These values are 
showed like horizontal dashed lines in the  ig. 5.4, derived δ18Osw and temperature for 
both mentioned central water masses. The extension of the modern δ18Osw for the 
ENACW to the past for the FSG09-16 record are marked as reference points in order to 
show similarities and approaches of the record with the current modal waters. The 
extension of the δ18Osw linked to the conditions of the formation for the ENACW in the 
past, without ice volume corrections, could be out of the reality but it could help to 
show trends and similarities with the current conditions and it guides the interpretation 
of the δ18Osw record. The concordance of the T and δ18Osw values with the obtained 
records in along the record is concordant except for the last 15 ka BP, where δ18Osw 
marks lower saline waters than the modern conditions (Fig. 5.2). The use of the 
calculated δ18Osw for the ENACW with modern parameters (LeGrande and Schmidt, 
2006), although it is in accordance with the paleo δ18Osw derived for the core FSG09-16, 
does not reflect the younger part. These values are different of those reconstructed for 
the present day water masses (Fig. 5.4), and therefore, they could mark, attending to 
the concordance of the obtained SST, the no validity of the δ18Osw record for the 
interpretation of the last 10 ka. 
The use and comparison of the modern T and calculated δ18Osw for the ENACW 
with the derived Mg/Ca-SST and the δ18Osw in the core FSG09-16 do not assume that 
the δ18Osw values remain constant over during the recorded time. Probably, besides the 
effect of the ice volume in the δ18Osw, the changes in salinity and SST in global and local 
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characteristics (Shackleton, 1974; Duplessy et al., 1991; Rostek et al., 1993), and the 
changes in the evaporation/precipitation balance (Ganssen and Kroon, 2000), could 
change the δ18Osw modal value of both ENACW masses. The establishment of the 
current values and the similarity with the paleo-values could help to understand the 
similarities of the paleo-record to the modern original formation characteristics of both 
central water masses, introducing the proximity or the differences with the current 
formation conditions of the ENACW.  
The HEs, particularly H1, are identified as episodes of lower δ18Osw associated 
with the freshwater input from the iceberg melting (Roche et al., 2004). The δ18Osw 
values of the HEs are at around 0 ‰ (–0.25‰ during H1), values lower than those 
calculated for the modern ENACWsp. In general, except for H1, the whole record shows 
values closer or dominated by the modern δ18Osw ENACWsp values , with a remarkable 
period at the end of H4 (Greenland Interstadial 8, GIS 8) where an intense increase of 
the δ18Osw indicates the dominance of saltier waters. This increase for this GIS is higher 
than the value marked by the modern ENACWst. 
 
5.4. Discussion 
5.4.1. Comparison of Mg/Ca and MAT-SST records from the Galician margin  
The two obtained SST records from FSG09-16 based on Mg/Ca and MAT 
techniques exhibit similar general patterns (Fig. 5a), although the amplitude of the 
major millennial-scale SST oscillations during MIS 3 is larger in the MAT-SST than in the 
Mg/Ca-SST record. Both SST records (Fig. 5.5a) also show some other interesting 
differences in the absolute values and in the general trend. The MAT-SST record is 
around 2–3°C warmer than the Mg/Ca-SST with the exception of the period between H4 
and H2 (38–23 ka BP), when both proxies provide comparable SST values. Another 
relevant difference between both SST records concerns minor oscillations at millennial-
centennial time scale between the HEs that resemble the millennial D/O oscillations. 
These millennial oscillations are clearly detected in the Mg/Ca-SST record whereas the 
MAT-SST record is indicating relatively warmer and more stable conditions. These 
proxies differentiation between obtained SST has been reported also by Patton et al. 
(2011) for the HE SST oscillations. With the reported differentiation, this pattern of 
difference between the MAT-SST and the Mg/Ca-SST could be established to the most 
part of the past 60 ka, with the exception of the previously mentioned period.  
MAT-SST is supposed to reflect the annual mean temperature while the Mg/Ca-
SST should record calcifying conditions of G. bulloides, normally associated to the  
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Figure 5.4: FSG09-16 records: a) IRD (dark area) and % N. pachyderma (sin.) (black line). b) δ
18
Osw, 
horizontal dashed lines indicate the calculated δ
18
Osw values for the modal ENACW. The gray record mark 
the δ
18
Osw without the ice-volume correction, c) Mg/Ca-SST measured in G. bulloides; horizontal line 
indicates the modal temperature for the modal ENACW, d) G. bulloides δ
18
O (gray line corresponds with 
the δ
18
O of G. bulloides with the ice-volume correction . e) δ
18
O of G. bulloides from core MD95-2042 
(Shackleton et al., 2000). Vertical gray bars indicate the position of the HEs. 
upwelling season. In the studied region, G. bulloides is associated with the “colder” 
family (Zaric et al., 2005) (Fig. 5.6) in the Pflauman et al. (1996) data base that will be 
discussed later (4.3.1). Attending to the possible response to seasonality of this species 
in this region, the SST values should be biased toward colder values related to the high  
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Figure 5.5: Multi-proxy SST along the Atlantic Iberian Margin. In, a) G. bulloides Mg/Ca-SST from core FGS09-
16 (black line) and MAT-SST from core FSG09-16 (blue line); b) G. bulloides Mg/Ca-SST from core FGS09-16 
(black line) and the same for core MD99-2334 (Skinner and Elderfield, 2005, orange); c) G. bulloides Mg/Ca-
SST from core FGS09-16 (black line) and U
k’
37 for the cores MD01-2443 (Martrat et al., 2004, red line) and 
MD95-2042 (Pailler and Bard, 2002, dark blue line); d) MAT-SST from core FSG09-16 (light blue), U
k’
37-SST 
from cores MD01-2443 (Martrat et al., 2004, red line) and MD95-2042 (Pailler and Bard, 2002, dark blue 
line) and summer MAT-SST from core MD95-2040 (Salgueiro et al., 2010). Vertical dotted lines indicate the 
location of maximum IRD for each of the HEs in core FGS09-16. 
Multi-proxy SST reconstruction: seasonal impact of the HE 
208 
 nutrient content of upwelled waters. The reconstructed records agree with this 
interpretation, the generally colder SST (2–3°C) recorded by G. bulloides match very well 
with the modern SST gradient between the annual average SST in the region and that for 
the start of the upwelling season in May (Salgueiro et al., 2008) (Fig. 5.2). But this 
interpretation cannot account for the extreme cold conditions recorded by the MAT-SST 
during the HEs (Fig. 5.5a), when the G. bulloides record presents warmer SSTs than the 
MAT one (2–7°C differences). This difference which was reported to the region by 
Patton en al. (2011) for H1, H4 and H5, is particularly large in the core FSG09-16 during 
H1, H4 and H6, indicating a more complex interpretation of the signal during these 
events. This proxy difference, which could reflect the different seasonal impact of the 
HEs cooling (Patton et al., 2011), supports this interpretation helped by the comparison 
with other proxies and the similarities with the southern records. During the HEs, N. 
pachyderma (sin.) dominates the planktonic foraminifera assemblages with percentages 
above 90%, particularly during H1, H4 and H6, when the SST cooling is highest in the 
MAT-SST record. In the North Atlantic core tops database used in this work (Pflauman et 
al., 1996) such a monospecific assemblage is linked with the coldest latitudes and 
potentially it could overestimate the annual mean SST cooling (Bard, 2001), as happened 
in Northern latitudes (Weinelt et al., 1999), since the MAT-SST reconstruction would be 
biased toward the season when N. pachyderma (sin.) dominates. In contrast, cold 
conditions should not have been so pronounced during the growing season of G. 
bulloides. This species, attending to the explained reasons, would not develop during 
strong stratification events associated to the icebergs discharges. 
Consequently, these results would reflect a strong seasonal contrast during the 
HEs characterized by an extreme cold season with melt water and a relatively mild 
season with a limited influence of the icebergs arrival when G. bulloides would develop 
preferentially. The most pronounced HEs (H1 and H4) will be discussed in more detail 
below. During non-pronounced HEs, as H2, H5 and H5a, the abundance of N. 
pachyderma (sin.) did not reached maximum values (Fig. 5.4) and therefore both MAT-
SST and Mg/Ca-SST records show comparable values. During these non-pronounced HEs, 
MAT-SST would not be biased towards the coldest season as the more pronounced HE 
and the annual average SSTs represented by the MAT record would have comparable 
values to the growing season of G. bulloides, indicating more homogeneous conditions 
along the year. 
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5.4.2. SST records along the Iberian Margin 
Several published studies have analyzed the last glacial millennial variability in 
the Iberian margin and some of them have also produce SST records using alkenones, 
MAT and Mg/Ca ratios. In particular, here we discuss two SST records based on 
alkenones (UK’37): cores MD95-2042 (Pailler and Bard, 2002) and MD01-2443 (Martrat et 
al., 2004) (Fig. 5.5c), MAT-SST from core MD95-2040 (Salgueiro et al., 2010) and another 
Mg/Ca-SST records from cores MD99-2334 (Skinner and Elderfield, 2005) (Fig. 5.5b) and 
SU92-03 (Patton et al., 2011). The Mg/Ca-SST for this last core were obtained using the 
same parameters (Thornalley et al., 2009) that in the Mg/Ca-SST of the core FSG0916. 
The SW Iberian Margin could be defined in the same global oceanographic context than 
the NW Iberian Margin described in this work. Regionally, a strong seasonal and 
interannual variability are dominated by the intensity and prevailing direction of 
offshore winds (Skinner and Elderfield, 2005). 
The UK’37-SST records (Fig. 5.5c) show comparable values and trends between 
them. Some discrepancies may result from the independent age models since they are 
plotted using the original chronologies from the manuscripts. Compared with the 
Mg/Ca-SST from the Galician margin, the UK’37-SST records are in general 3–4°C warmer. 
This difference in the SST could be attributed to the southern position of the alkenone 
records (Fig. 5.1), but this interpretation is not consistent when the Mg/Ca-SST record 
from core MD99-2334 is considered (Fig. 5.5b). This Mg/Ca-SST record presents a good 
correlation with that from the Galician margin but it is located very close to the other 
alkenones records (Skinner and Elderfield, 2005). The strong resemblance between both 
Mg/Ca-SST records, produced in different laboratories and using different analytical 
procedures, reinforces their interpretation as a reliable common oceanographic signal 
over other secondary factors producing mimetic bias, which could potentially alter the 
original signal. The two UK’37-SST records are more comparable in values and trends with 
the MAT-SST from the Galician record (Fig. 5.5d), particularly during 40–60 ka BP. The 
assumption of the MAT-SST as an annual mean together with this observation is 
consistent with the interpretation of both proxies as annual mean SST (Fallet et al., 
2011). Although UK’37-SST was considered as a proxy seasonality biased (Bard, 2001; 
Abrantes et al., 2009), the resemblance with an annual mean proxy as MAT-SST (Fig. 
5.5c, d) in trends and values, out of the abrupt events, could mark a trend of the UK’37-
SST to the annual conditions. During cold intervals, particularly HEs, the MAT-SST record 
(Fig. 5.5a) is significantly colder than the UK’37-SST records. This further supports the 
previously discussed cold SST overestimation produced by the MAT technique when N. 
pachyderma (sin.) percentages are high and particularly when it forms monospecific 
assemblages similar to the North polar region (Weinelt et al., 1999). The multi-proxy SST 
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comparison provides solid evidences that G. bulloides Mg/Ca-SST record preferentially 
reflects upwelling/cold conditions but not necessary the coldest months which would be 
associated with the months of iceberg discharges. 
The UK’37-SST of the SW Iberia Peninsula and the MAT-SST of the NW Iberian 
Peninsula show a significant difference between the most pronounced HEs, H1 and H4. 
Contrary that in the MAT-SST of the core FSG09-16, that shows a colder H1 than H4, the 
UK’37-SST reports a colder H4 than H1. The more gradual transition between the PF and 
the surface waters showed by Eynaud et al., (2009) along the Iberian margin and the 
slight higher abundance of N. pachyderma (sin.) in the south for H4 that in H1, could be 
the reason of this different behavior between H1 and H4 at the SW and NW in the 
Iberian Peninsula. 
A detailed comparison of the two Mg/Ca-SST records (Fig. 5.5b) reveals that 
absolute values during glacial time are 1–2 °C warmer in the southern core (MD99-
2334). This gradient is comparable to that currently observed in the region (Salgueiro et 
al., 2008). This meridional gradient in the Mg/Ca-SST records also occurred during the 
HEs, H1, H2 and H3 (Fig. 5.5b, c), although it was slightly larger during H1. The southern 
core does not cover H4. A meridional gradient on the oceanographic impact of the HEs 
along the Iberian margin has already been described and it could have been larger 
during the strongest HEs (H1 and H4) (Eynaud et al., 2009). During glacial times, and 
especially during the HEs, the Polar Front was located southwards (Eynaud et al., 2009) 
and consequently, the formation center of the central waters with subpolar origin, like 
the ENACWsp, also might have migrated southward, dominating the Iberian margin 
between 60–40 ka BP and alternating in a mixture with the ENACWst during 37–19 ka 
BP. During the MIS 3, G. bulloides should have developed within upwelled waters, close 
in properties to the current ENACWsp, but there were two significant periods when they 
developedep in a very distinctive water mass, H1 (similar to other HE) and GIS 8 (Fig. 
5.4b). During H1 (and similar to all HEs) G. bulloides grew within extremely cold and low 
salinity water masses, even more than the current ENACWsp, suggesting and reflecting 
water masses of polar origin or/and under the influence of the arrival and melting of 
icebergs. This drawing would be consistent with the polar front migration previously 
described (Eynaud et al., 2009). That scenario may have also occurred during other HEs 
but the record reflects less extreme conditions (Fig 4c, d). But interestingly, it did not 
occur during H4. The Mg/Ca-SST (Fig. 5.4c) record suggests a strong difference in the 
oceanographic conditions reflected by G. bulloides during H1 and H4, the two stronger 
HEs according to all other proxies. These distinctive features are analyzed in more detail 
below by comparing the SST records with other proxies (Subsection 4.3). During the GIS 
8, G. bulloides developed in warm and very salty water mass. This water mass is very 
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similar to the modern temperature of the ENACWst (Fig. 5.4c) that may reflect an 
oceanographic situation more similar to the present one (Varela et al., 2005), but saltier, 
higher δ18Osw (Fig. 5.4b), framing in the glacial context (Duplessy et al., 1991) not 
considered in the global ice volume correction. .Although these local and global 
corrections were not considered, the δ18Osw reconstruction allows to compare possible 
differences between events recorded during the glacial period. This period is also 
discussed in more detail in the context of H4 ending (Subsection 4.3). 
 
 
Figure 5.6: Crosses: G. bulloides 
abundance in the North Atlantic 
core tops data base (Pflauman et 
al., 1996) plotted in relation to 
the associated SST extracted 
from the WOA01 SST data set at 
10 m depth. Vertical red bars: 
Number of occurrences of the 
different SST estimates based in 
the G. bulloides Mg/Ca record 
from core FSG09-16. Vertical 
dashed lines: Indicate the 
minimum G. bulloides Mg/Ca-SST 
recorded during H1 and H4 in 
core FSG09-16. 
 
Both Mg/Ca-SST records indicate that the larger post glacial warming occurred 
during the transition to the Bølling-Allerød (B/A,) warm interstadial (GI1), with a total 
warming of about 10 °C in a very short time, roughly 2 ka (Fig. 5.5b). That may reflect 
the switch to an enhanced dominance of the ENACWst (Fig. 5.4). After 13 ka BP the 
northern core starts to show slightly warmer temperatures than the southern one. This 
difference became larger in the period between 11 and 5 ka BP, when both records 
show opposite trends and the SST gradient (up to 5°C) reaching higher values, whereas 
both records converge again during the late Holocene. The low sedimentation rate 
(under 3 cm ka-1) of the core FSG09-16 during the Holocene prevents any detailed 
interpretation of the record for this period, but these observations suggest that 
oceanographic conditions during the early Holocene would have been very different at 
the two extremes of the Atlantic Iberian margin and/or at least G. bulloides calcified in 
different season. The warmer temperatures recorded during early Holocene in core 
FSG09-16 are consistent with previous data revealing the dominance  of the ENACWst in 
the Galician margin during this period and a change at around 4 ka BP to a stronger 
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influence of the ENACWsp (Pena et al., 2010). 
 
5.4.3. Multi-proxy comparison during most pronounced HEs 
Among the studied period two outstanding intervals show the most severe 
changes in the Mg/Ca-SST record. These intervals correspond to H1, which presents the 
most intense cooling of the whole record, and H4-GIS 8 transition, which reaches the 
maximum temperatures for the glacial period (Fig. 5.5). The interpretation of these 
signals needs special attention and, in order to fully understand the related 
oceanographic changes, these signals are compared to a whole range of proxy records 
from core FSG09-16 (Fig. 5.7 and 5.8). The chosen records are the IRD counts and the 
abundance of N. pachyderma (sin.), which are traditionally used (Hemming, 2004) as 
markers of the HEs ( ig. 5.4). During these abrupt cold events, the δ18Osw record could 
be interpreted in terms of salinity changes in the surface layer likely related to the 
melting of the icebergs, but it may also reflect changes in the water mass and 
consequently in the surface circulation pattern. 
 
Heinrich Event 1 (HE1) 
H1 in core FSG09-16 is an interval of relatively high sedimentation rates (10.1 cm 
ka-1) which allows to analyze the internal evolution of this event. H1 stands out as the 
coldest interval of the whole record of Mg/Ca-SST, registering temperatures below 5°C. 
Percentages of the polar species N. pachyderma (sin.) reach maximum values of about 
90%, comparable to those currently reported for polar waters in the Arctic region 
(Pflaumann et al., 1996). The IRD counts, with values around 800 IRD/gbs, are similar to 
those found in other cores in the region (Lebreiro et al., 1996; Naughton et al., 2009). All 
these records support the direct arrival and melting of icebergs in the area, which should 
have induced a strong cooling (low Mg/Ca-SST) and freshening (low δ18Osw) of surface 
waters (Fig. 5.7). The onset of H1 in this region appears as an intense cooling according 
to both the SST-Mg/Ca and the abundance of N. pachyderma (sin.), while the increase of 
IRD occurred later, with a 1.5 ka delay. Published works (Lebreiro et al., 1996; Naughton 
et al., 2009; Patton et al., 2011) and the proxies used in the core FSG09-16 present an 
internal variability during H1, which suggests the occurrence of at least two distinctive 
intervals. The abundance of N. pachyderma (sin.) appears to be the less sensitive proxy 
for this intra-H1 variability. The Mg/Ca-SST record shows two minima (of about 5°C) 
separated by a short warm event of about 8 °C. The δ18O also presents a simultaneous 
double peak structure, which confirms the two cooling peaks, but it also indicates a 
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parallel and intense freshening. The two minima SST peaks are coincident with maxima 
values of N. pachyderma (sin.) and also with the minimum δ18Osw (maximum 
freshening) but not with the maximum in the IRD content. The IRD record also supports 
the occurrence of two distinctive events of icebergs melting but, surprisingly, the two 
maxima in the IRD counts are not synchronous with the minima in SST and in salinity. 
Maximum IRD occur when Mg/Ca-SST warmed and salinity increased.  
 
 
Figure 5.7: Core FSG09-16 multi-proxy comparison for 10–20 ka BP, including H1. From top to bottom: 
(red) Mg/Ca-SST reconstruction from G. bulloides; (blue) δ
18
O for G. bulloides; (green) the δ
18
O sw 
reconstruction; (black) IRD concentration; (gray line) and area the N. pachyderma (sin.) percentages. 
Vertical dashed lines indicate the SST minima during H1. 
This unpredicted decoupling between water property proxies (SST and δ18Osw) 
and IRD is complex to explain. IRD maxima should reflect the moment of more 
pronounced oceanographic and climatic conditions in the region, where only N. 
pachyderma (sin.) is able to grow. The cold temperatures and also surface stratification 
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would prevent the development of G. bulloides, who would need warmer SST and there 
would develop during milder season. The thermal preference of G. bulloides can be 
assessed by plotting of the global core top database of the abundance of G. bulloides 
(Pflauman et al., 1996) versus present day SSTs (Fig. 5.6). Highest abundances of G. 
bulloides cluster in two families formed by different types (Zaric et al., 2005) grouped in 
a warmer (18–21 °C) and colder (5–10 °C) one. The reconstructed G. bulloides Mg/Ca-
SST from the NW Iberian Margin (histogram in Fig. 5.6) plot closer to the cold family of 
the Pflauman et al., (1996) data base. This comparison consistently shows that G. 
bulloides is very scarce below 5 °C and none of the analyzed samples provide SST below 
this 5 °C frontier. Therefore, as it was yet reported for the region (Patton et al., 2011) 
and corroborated by a multi-proxy discussion over the same core and samples, these 
proxies records may represent different seasons, the IRD peaks should reflect the winter 
or the extreme cold season characterized by the icebergs arrival, while G. bulloides 
would concentrate in a milder season. Figure 5.9a combines the estimated seasonal 
MAT-SST with the Mg/Ca-SST values for H1 to illustrate which would be the more 
suitable period of the year for the development of G. bulloides. This fact illustrates that 
for most of the year conditions appear to have been too cold for G. bulloides (SST below 
5 °C) and it may have only been able to develop during the warmer seasons (Figure 5.9). 
The pronounced low percentages of G. bulloides during this period (<6%) further 
support that oceanographic conditions in the NW Iberian margin during H1 were not 
favorable for the growth of G. bulloides during most of the year. In this way, this multi-
proxy comparison illustrates the impact of H1 during whole year. Results indicate the 
intense cooling was not only a winter signal, but it spreads throughout the whole year 
(Figure 5.9). The freshening recorded by the G. bulloides-δ18Osw (Fig. 5.4b and Fig. 5.7) 
was not controlled by the local melting of icebergs, but it changed long before the 
iceberg arrival and it should reflect the dominance of a water mass of a polar source in 
the region, consistent with the southward displacement of the polar front during this 
period (Eynaud et al., 2009). The fact that the maximum IRD occurred during G. bulloides 
Mg/Ca-SST warming phases could indicate that this warming mostly reflect the warm 
season (Figure 5.9), the G. bulloides growing season, responding to a decrease in the 
arrival of polar-source waters and the progressive replacement by a water mass closer 
to the current ENACWsp. Interestingly, this seasonal warming may have promoted the 
winter melting of icebergs during its transport towards southern latitudes. This 
interpretation would explain why N. pachyderma (sin.) also decreased slightly during 
these episodes of high IRD discharge (Fig. 5.7). In other words, the maximum IRD 
percentages during H1 may reflect here two pulses of polar front retreatment, and 
therefore they mark the end of H1 oceanographic anomaly, at least for the northern 
part of the Atlantic Iberian margin. 
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Figure 5.8: Core FSG09-16 multi-proxy comparison for 35–42 ka BP, including the GIS8 and H4. From top to 
bottom: (red) Mg/Ca-SST reconstruction from G. bulloides; (blue) δ
18
O for G. bulloides; (green) the δ
18
O sw 
reconstruction; (black) IRD concentration; (gray line) and area the N. pachyderma (sin.) percentages. 
Vertical dashed lines indicate the SST minima during H4. 
 
Heinrich Event 4 (H4) and Greenland interstadial 8 (GIS 8) 
Sedimentation rates in this interval are also higher (7.71 cm ka-1) than the core 
mean and, as in the case of H1, it allows to analyze in detail the evolution of this period 
in the Galician margin. During H4, the record of G. bulloides Mg/Ca-SST does not show 
an pronounced cooling and the δ18Osw does not present any significant surface 
freshening as it happened during H1 (Fig. 5.8). This result is particularly surprising since 
abundances of N. pachyderma (sin.) during H4 have a prominent peak, reaching 85 % of 
total PF assemblages, while glacial values oscillates around 50–60 %. The IRD counts for 
H4 are the highest of the whole core, reaching more than 1000 IRD/g bulk sed. (Fig. 
5.4a), in accordance with other records from the region (Lebreiro et al., 1997; 
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Vautravers and Shackleton, 2006; Salgueiro et al., 2011; Patton et al., 2011) which have 
reported H4 as one of the most extreme HEs in the NW Iberian margin. The proxies 
during H4 present some other remarkable differences from H1. The onset of H4 is 
marked by a parallel increase in the flux of IRD and the abundance of N. pachyderma 
(sin.) (Fig. 5.8) and therefore it is reflected as a cooling phase in the MAT-SST record (Fig. 
5.6), while in H1 the SST cooling occurred over 1500 years before the IRD arrival. As 
described for H1, the IRD record indicates the occurrence during H4 of at least two 
events of intense iceberg melting. Although the G. bulloides record does not show any 
intense cooling, the maximum IRD coincides with two short cooling and freshening 
peaks. The cooling of about 2°C is of smaller amplitude than the overall cooling of 7°C 
associated to H1. Similarly, the freshening (Fig. 5.5) during these two H4 peaks is ~0.4‰ 
while the whole freshening associated to H1 was ~1.2‰.  
The extreme cooling did not dominate during the growing season of G. bulloides 
when milder conditions and reduced surface stratification prevailed during H4 (Figure 
5.9). Figure 5.6 shows H4 Mg/Ca-SST plotted at the cold edge of the colder G. bulloides 
family. This fact could imply that during H4 this species could develop during a season 
with more suitable conditions for its growth than during H1, characterized by colder 
surface waters (Fig. 5.6). This situation is also illustrated in Figure 5.9b, where the MAT-
SST seasonal values suggest that the period of the year with suitable SST for G. bulloides 
was longer than during H1 (Figure 5.9a). The SST convergence during H4 in the Mg/Ca 
and UK’37 proxies (Fig. 5.5) also supports that G. bulloides did not develop during the cold 
season but it was shifted to warmer season. Nevertheless, the low abundances of G. 
bulloides during H4 (down to 20%) suggest that there was far of their favorable range of 
growth and the optimum habitat conditions did not fully develop along the year. It is 
worth noting that during H1, the outside of the optimum growth habitat for G. bulloides 
was still higher since their percentages kept always below 5%, much lower than the MIS 
3 average (~25%) and H4. Therefore, the Mg/Ca-SST would indicate that the impact of 
H4 cooling and melting were weaker along the year and only dominates during the 
winter or colder seasons. At the same time it was associated with a strong surface 
stratification led by the local iceberg melting which prevented the development of G. 
bulloides during the cold season. These circumstances and also the fact that the cooling 
shown in MAT-SST is directly linked to the iceberg discharges indicate that, in contrast to 
H1, the arrival of waters from a polar source was not dominant along the year. The 
cooling and melting during H4 was the result of the largest local iceberg melting event 
registered in the whole record. However the polar front would have not shifted as south 
as during H1. These circumstances would explain why IRD maxima during H4are 
synchronous with a slight cooling and freshening in the G. bulloides record. 
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Figure 5.9: Both panels: Monthly SST (at 10 m 
depth) from the WOA01 data set extracted 
with Ocean Calculator v2.0 software for the 
core location of FSG09-16 (black line with 
diamond symbols) and the annual mean SST 
from the same source (horizontal dashed line). 
The grey area indicates the range of SST 
estimates obtained in core FSG09-16 for the 
whole studied period inferred from of Mg/Ca 
measurements in G. bulloides. Upper 
panel/lower panel: horizontal line in dark/light 
blue indicates the Mg/Ca-SST average for 
H1/H4; dark/light blue circles indicate the 
average values of the MAT-SST reconstruction 
for each season during H1/H4; doted gray area 
indicates the annual time window when 
thermal conditions would have been suitable 
for G. bulloides development during H1/H4 
according to discussion of Fig. 5.6. 
 
Another remarkable feature of H4 corresponds to its end and the onset of the 
GIS 8. The G. bulloides Mg/Ca-SST record presents an intense warming of about 5°C, 
reaching absolute values above 14°C, the warmest of the whole glacial period and 
comparable SST to those of the modern situation. The values of the δ18Osw and the 
temperature are similar to the ENACWst values (Fig. 5.4b) which flows during the winter 
months in modern conditions. Interestingly, during the GIS 8 the SST values 
reconstructed by the three compared proxies (Mg/Ca, MAT and alkenones) converge. 
The δ18Osw also registers very high values, comparable or even higher than those of the 
ENACWst. Surprisingly, the IRD record present relatively high values for the first part of 
the GIS 8 and these values are comparable or even higher than those recorded for most 
of the HEs. These puzzling results, maximum SSTs, development of full interstadial 
conditions while large amounts of IRD were arriving to the Galician margin could only be 
reconciled with occurrence of a pronounced seasonality. The strong arrival of icebergs 
during the colder months of GIS 8 would have induced high stratification during the cold 
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months shifting the G. bulloides growing season towards the warmer months. Other 
proxies recording annual average temperatures (alkenones and MAT) would have not 
been so sensible to this seasonal redistribution but they induced a strong impact in the 
Mg/Ca-SST record which has a stronger seasonal component. 
 
5.5. Conclusions 
The detailed comparison of a G. bulloides Mg/Ca-SST record with other proxies-
SST reconstructions reveals that G. bulloides signal reflects oceanographic conditions 
during the non-extreme season and that it is not so abundant in the no-favorable 
conditions as the pronounced events of iceberg melting where cold and high 
stratification conditions should have prevent the development of G.bulloides. In 
contrast, the other studied proxies, Uk’37 and MAT-SST, provide a rather annual average 
estimate with general values warmer than the Mg/Ca-SST with the exception of HEs in 
the MAT-SST record. The extreme cold conditions recorded during HEs in the MAT-SST 
record are interpreted to reflect a biased of almost mono-specific samples of N. 
pachyderma (sin.) which induced under-estimation of the annual average SST. 
H1 and H4 were the strongest HEs in the Atlantic Iberian margin but the analysis 
of the G. bulloides Mg/Ca-SST together with other proxies reveals very different 
oceanographic conditions in the NW Iberian margin for these two events. The cooling of 
H1 is linked to the arrival of a distinctive water mass from a polar source due to the 
southward displacement of the polar front. Two events of icebergs melting are 
described within H1, but they occurred within the second half of H1 anomaly. These 
events are not interpreted as the main cause of H1 cooling for the area due to it was 
remained cold due to the dominance of waters from a polar source. In contrast, H4 
cooling was induced by the local largest arrival and intense melting of icebergs during 
the MIS 3, which led to a strong cooling and surface stratification preventing the 
development of the G. bulloides during the cold season. The shift of the growing season 
of G. bulloides towards warmer season masked H4 cooling which only recorded a short 
cooling related to the two major peaks of IRD. Contrasting with H1, during the the 
Galician margin was not dominated by polar source waters, suggesting that the 
southward displacement of the polar front was not as intense or sustained as during H1. 
Surprisingly, iceberg melting continued after H4 and extended well into GIS 8 keeping 
the G. bulloides development towards the warmer season, which explain the intense SST 
warming recorded during this period. 
Consequently, the comparison of SST records derived from MAT and Mg/Ca 
reveals the significant use that these proxies should have in the paleoceanographic 
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reconstructions. In this work, the sub-millennial signal of the Mg/Ca-SST record 
contrasts with the more homogeneous MAT-SST and it reveals the limitation of the MAT 
method to detect fine changes in SST, while the G. bulloides Mg/Ca record seems to be 
more suitable for this purpose, probably due to its high sensitivity to a very restrictive 
season.  
The N-S comparison with other published SST records from the Southwestern 
Iberian margin shows the persistence of a meridional gradient along the whole glacial 
period which appears to be higher (2–3 °C) between the annual mean records (MAT and 
Uk’37-SST) than between those records reflecting the G. bulloides growth season (0.5–2 
°C).  
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O carácter multi-disciplinar da Tese e a posta en común dos resultados extraídos 
das diferentes metodoloxías presentadas e as discusións permiten, dun xeito global, o 
coñecemento detallado do acontecido na Marxe Galega durante os últimos 60 ka. A 
síntese dos principais aspectos presentados ao longo da Tese e as conclusións obtidas, 
preséntanse agora divididas nos dous eixos principais que forman o traballo: a 
descrición e aplicación dunha nova metodoloxía que xa por si mesma representa unha 
achega innovadora ao estudo das testemuñas oceánicas, e a propia evolución 
paleoceanográfica e paleoclimatolóxica da Conca Interior de Galicia, e polo tanto, da 
Marxe Galega para o tempo establecido neste traballo. Estes dous eixos quedarían 
divididos nestes dous puntos que se detallan a continuación. 
 
6.1 Achegas metodolóxicas do traballo. 
Nos últimos anos, o estudo dos rexistros sedimentarios mariños estase a enfocar 
dende un punto de vista multi-disciplinar, o que nun principio require unha cantidade 
elevada de mostra que permita a aplicación da metodoloxía xa existente e a 
comparación desta metodoloxía en materiais similares para o mesmo rexistro. Este feito 
pode chegar a restrinxir o estudo dos rexistros sedimentarios, xa que a limitación na 
cantidade de mostra vai ligada ao importante custo económico e humano que require o 
seu estudo, e tamén vai ligado á calidade e á cantidade de datos que se obteñen 
mediante o uso de métodos indirectos, como os que xa se foron presentando ao longo 
da Tese, Fluorescencia de raios-X (XRF-scan), Multi Sensor Core Logger (MSL). Este feito 
é un condicionante para que este tipo de metodoloxía indirecta teña experimentado 
unha mellora no seu desenrolo e no seu uso nos últimos tempos. Todos os feitos 
sinalados até o de agora danlle polo tanto un ha grande importancia á exploración das 
novas técnicas analíticas que permitan obter a meirande cantidade de datos e á mellor 
calidade posíbel a partir de materiais que pola súa natureza son custosos de obter. De aí 
a necesidade tamén de obter, na medida na que se poida, o maior rendemento posíbel 
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deles. 
Con este obxectivo e coa oportunidade de usar un equipamento médico 
presente no Hospital Veterinario Universitario de Lugo “Rof Codina” naceu o proxecto 
de desenrolo da Tomografía Computarizada para o estudo de rexistros sedimentario 
mariños. Este CT-scan é un dos poucos que nestes intres se está a usar para estes fins en 
toda a península, e o traballo que se ven presentando nesta Tese é un dos pioneiros 
neste campo dentro da comunidade científica. 
Dun xeito xeral, a síntese dos traballos realizado até o de agora nos rexistros 
sedimentarios da Conca Interior de Galicia revela o grande potencial que esta técnica 
ten como nova metodoloxía de aplicación en sedimentoloxía. Esta aplicación pode 
resumirse nos cinco puntos que se desenrolaron no Capítulo (III): 
 
-Análise non destrutivo das testemuñas sen a necesidade de manipular nin alterar o 
rexistro sedimentario nin a disposición que o sedimento ten alén da propia alteración 
que este sufre debido á metodoloxía utilizada para a adquisición da testemuña. 
-Obtención de radiografías de alta resolución e de grande calidade en calquera das tres 
dimensións do espazo. 
-Posibilidade de visualización en tres dimensión de unidades, facies, estruturas 
sedimentarias así como o sinal de determinados eventos, obxectos ou anomalías 
presentes no sedimento. 
-Obtención dunha matriz numérica de radio-densidade de todos os puntos da 
testemuñas que se encontra directamente relacionada ca densidade do material que 
compón o rexistro ou ca densidade media obtida para a unidade mínima de medida da 
técnica. 
-Posibilidade de análise das testemuñas mediante técnicas dixitais mediante 
ferramentas informáticas que permiten o optimizar a súa visualización e o seu 
procesado. 
 
Deste xeito, a técnica denominada CT-scan preséntase como unha ferramenta 
de grande utilidade en si mesma para o estudo das testemuñas sedimentarias, sobre 
todo, porque previamente á súa apertura pódese, dun xeito relativamente sinxelo e 
cunha resolución no alcanzábel até o momento por ningunha outra metodoloxía de 
medida indirecta convencional, estudar a estrutura e as características principais da 
testemuña. Este é de por si un avance claro no estudo dos rexistros sedimentarios, pero 
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é que ademais permite focalizar os estudos nas testemuñas más axeitadas, nos casos 
nos que puideran existir varias testemuñas, e/ou restrinxir e optimizar as análises 
posteriores mediante a elección da mellor resolución de análise e a identificación de 
períodos ou rangos determinados que teñan un maior interese. Deste xeito, calquera 
estudo que se vaia a levar a cabo sobre rexistros sedimentarios mariños poder ser 
enfocado dende un punto de vista máis eficaz, con seu consecuente aforro dende o 
punto de vista do esforzo económico, persoal e material. 
Particularmente, e tamén cun carácter novo, ao longo da Tese preséntase as 
caracterización e descrición do sinal tomográfica da expresión dos HE rexistrados na 
Conta Interior de Galicia. O estudo e caracterización deste sinal úsase, como se mostra 
neste estudo, para a identificación dos HE rexistrados nunha testemuña previa a 
calquera outro análise. Esta identificación preliminar dos HE permite o establecemento 
dun xeito bastante preciso da cronostratigrafía da área de estudo. 
O estudo tomográfico dos rexistros sedimentarios da Conca Interior de Galicia, 
tal como se expuxo no Capítulo II, ten como principais contribucións e desenrolos nos 
seguintes apartados. 
 
6.1.1 Realización dun protocolo de análise de rexistros sedimentarios mariños usando 
o CT-scan que permite compaxinar a obtención de datos da maior calidade e 
resolución coa manexabilidade destes en modo usuario. 
Dada a cantidade de datos que se obtén co uso desta metodoloxía, requírese 
que a toma destes se faga dun xeito ordenado e eficaz, que permita e facilite o seu uso. 
A optimización e desenrolo de protocolos de estudo específicos e un punto básico para a 
consecución dos mellores resultados na análise de rexistros sedimentarios. Con esta fin 
intentouse o establecer un protocolo de toma de datos que cumprise as seguinte 
premisas específicas: 
 
-Obtención de datos coa maior resolución posíbel. 
-Obtención rápida dos datos e que permita unha conservación óptima do tubo de 
emisión de raios-C. 
-Arquivos de datos manexábeis dende o punto de vista de procesadores e computadoras 
de nivel básico. 
-Unha menor división dos datos dos rexistros, é dicir, que os arquivos de datos poidan 
corresponderse cunha sección de testemuña o meirande posíbel. 
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O estudo desenrolado na Conca Interior de Galicia presenta un protocolo de 
toma de datos optimizado para coordinar e cumprir todas e cada unha das premisas 
anteriores, dándolle prioridade entre elas a aquelas que teñen que ver coa resolución e 
o tamaño dos arquivos de datos que se obteñen. 
 
6.1.2 Descrición e análise das facies identificadas na Conca Interior de Galicia 
mediante o uso do CT-scan. 
Unha vez que as facies sedimentarias da Conca Interior de Galicia foron 
definidas, a descrición e análise destas atendendo ás súas características tomográficas 
preséntase como unha aplicación da metodoloxía baseada no CT-scan. 
Os cinco grupos de facies descritos para a Conca Interior de Galicia foron 
establecidos seguindo a natureza e composición do sedimento que as compón, e 
ligáronse a uns procesos concretos. A descrición tomográfica destes grupos de facies 
completou esta análise establecendo novas características ligadas á radio-densidade do 
sedimento. Esta análise tomográfica permitiu un catálogo tomográfico de facies que 
conta coa vantaxe de incluir a maioría de medios sedimentarios profundos, xa que estes 
medios sedimentarios profundos están representados no  grupo de facies da Conca 
Interior de Galicia. 
 
6.1.3 Análise do sinal tomográfico dos cambios climáticos abruptos presentes na 
Conca Interior de Galicia, con especial atención aos Eventos de Heinrich. 
Unha vez que se presentaron os HE como os eventos máis característicos 
rexistrados no recheo sedimentario da Conca Interior de Galicia, a súa análise 
tomográfica preséntase como un punto básico deste estudo. Ademais, neste traballo 
deseñouse unha ferramenta que supón un avance no estudo das testemuñas oceánicas, 
xa non só pola súa caracterización tomográfica, se non que tamén porque permite 
establecer unha ferramenta de predición visual dos eventos, dadas as súas 
características totalmente diferenciadas do resto do rexistro sedimentario. Sendo os HE 
uns eventos ben estudados, datados e identificados ao longo do Atlántico Norte, a súa 
identificación, previamente a calquera tipo de análise, permitiría un establecemento 
relativamente preciso do marco cronoestratigráfico. 
A definición e caracterización concreta dos HE foi presentada con grande detalle 
ao longo da Tese xa non só atendendo ao tamaño das partículas que os conforman, se 
non que tamén á súa distribución, dispersión e morfoloxía. Estas características foron 
abordadas non só dende una análise das imaxes tomográficas, se non que a súa 
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caracterización fíxose tamén dende un punto de vista cuantitativo. Asín, e como 
conclusións relevantes para os HE que presentan un sinal máis marcado no recheo da 
Conca Interior de Galicia, o H1 e o H4, fíxose unha descrición detallada da súa sinal. A 
súa análise tomográfica resolve un H1 que se mostra, tanto nos datos visuais como nos 
obtidos a través do novo software desenrolado, como partículas de IRD individualizadas 
nunha matriz de lama, namentres que o H4 presenta unha maior concentración de IRD 
que non permite o discernir as partículas illadas, xa que se atoparían concentrados nun 
nivel de alta densidade. 
 
6.1.4 Desenrolo de software específico para a análise dos datos obtidos a través do CT-
scan. 
O uso e deseño de programas de traballo cos datos de CT-scan está obviamente 
moi desenrolado para o campo da medicina, pero sempre dende un punto de vista 
visual sen entrar a analisar o contido numérico destes datos. Estes programas tamén 
foron utilizados neste traballo para tentar extraer a maior información tomográfica 
posíbel a partir das imaxes das testemuñas. Unha das achegas destacadas deste traballo 
consiste no desenrolo dun programa de análise específico dos datos numéricos, 
tentando un achegamento aos datos físicos contidos nos arquivos de resultados do CT-
scan. Este punto toma forma na creación e rexistro na propiedade intelectual do 
programa anidoC. Esta achega podería ser ademais, una aplicación que doadamente se 
podería extrapolar a outros campos de estudo. 
Este programa está enfocado á manexabilidade, xeración e cálculo de variábeis 
baseadas na radio-densidade que permitan a explotación dos datos numéricos. Estes 
algoritmos permiten extraer, a grandes trazas, a radio-densidade da testemuña e 
presentala como gráficas análogas ás que se obteñen con outro tipo de metodoloxía e 
métodos de análise convencionais. Do mesmo xeito, pódese extraer a porcentaxe, a 
concentración e a dispersión de radio-densidades ou de rangos de radio-densidades 
concretas. Asín puidéronse establecer parámetros numéricos (rangos de valores, 
abundancias e dispersión das radio-densidades) que son característicos da cada facies 
para facilitar o seu recoñecemento. 
A xeración de parámetros e variábeis, rangos e porcentaxes de radio-
densidades, e a súa aplicación á información obtida con anterioridade, neste caso 
concreto para os HE estudados na Conca Interior de Galicia, fai realidade a capacidade 
de predición do programa que se corrobora polo propio traballo feito en testemuñas da 
mesma rexión onde os HE non foron directamente identificados e descritos mediante 
técnicas convencionais. 
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Este feito abre a porta a que buscando os parámetros, variábeis e rangos de 
radio-densidade axeitados, así como profundando no desenrolo do propio programa 
anidoC, estes poidan ser usados como ferramenta de predición xa non só para eventos 
particulares, se non que tamén para outro tipo de facies, estruturas ou intervalos 
rexistrados no sedimento. 
 
6.1.5 Comparación dos resultados do CT-scan cos resultados obtidos mediante outras 
técnicas. 
O establecemento do CT-scan como metodoloxía sedimentaria válida require a 
súa comparación e validación con outros tipos de métodos, xa sexan estes directos ou 
indirectos, usados neste estudo dos rexistros sedimentarios mariños. No presente 
traballo, e dun xeito máis concreto, intentouse o validar a técnica tomográfica alén do 
propio análise de facies e do estudo dos eventos climáticos abruptos. Para cumprir este 
obxetivo, descartouse a comparación directa dos datos de radio-densidade cos datos de 
densidade obtidos a través do MSCL, xa que aínda que faltan as calibración que 
permitan a conversión de radio-densidade en densidade absoluta, as prestacións en 
termos de detalle e resolución do CT-scan deixan fóra de discusión a súa superiodidade 
para a obtención dun perfil de densidade das testemuñas. 
O detalle dos datos de radio-densidade extraídos do CT-scan permite levar a 
análise das testemuñas cara o análise de composición do sedimento, considerando a 
radio-densidade como unha derivación da densidade, que á súa vez e característica de 
cada elemento. Este feito pode levar o CT-scan á identificación dos materiais que 
forman o sedimento. Aínda que sen profundar na análise de composición dos datos do 
CT-scan, esta Tese intentou o facer unha aproximación á composición mediante a 
comparación da radio-densidade cos obtidos mediante o uso do XRF-scan. Atendendo á 
natureza da análise semi-cuantitativa que a técnica do XRF-scan permite obter, estes 
datos foron agrupados usando técnicas estatísticas para tentar profundar na natureza e 
orixe dos elementos maioritarios presentes no rexistro sedimentario. Deste xeito foron 
establecidos tres grupos que se corresponden cos sedimentos de orixe mariño 
(maioritariamente bioxénicos), de orixe continental, e dun grupo mixto que agruparía 
sedimentos que poderían ter tanto unha orixe continental como unha orixe mariña así 
como una mestura entre eles. 
A comparación dos perfís de radio-densidade extraídos cos perfís destes tres 
grupos de elementos permitiu distinguir o papel que cada un dos grupos de elementos 
ten na estrutura final da radio-densidade, que se presenta como o resultado da 
combinación destes en diferentes proporción e tamén da organización do sedimento 
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dentro das facies. Asín, os elementos de orixe mariño con alto contido en Ca 
maniféstase como as zonas de maior densidade dos rexistros ao contrario que as zonas 
onde dominan os materiais identificados como de orixe terríxeno, que coinciden coas 
zonas de menor densidade das testemuñas. 
 
6.2 Interpretación paleoceanográfica e paleoclimática da Conca Interior de Galicia para 
os últimos 60 ka. 
Moitos estudos xa citados ao longo da Tese puxeron de manifesto a importancia 
da análise dos rexistros climáticos e paleoceanográficos da Marxe Ibérica e da súa 
resposta aos cambios climáticos, ao atoparse esta nunha zona do Hemisferio Norte onde 
é posíbel rexistrar o sinal destes cambios, as súas consecuencias e incluso os procesos 
que estes poderían desencadear. Dentro da Marxe Ibérica, a Conca Interior de Galicia, 
polo seu rexistro sedimentario de gran calidade, no que respecta á resolución e á 
preservación para o período de estudo, e á súa oceanografía, cun forte vencello co 
estatus climático, preséntase como un lugar de importancia significativa xa non só polo 
coñecemento da acción directa que os cambios climáticos tiveron sobre a zona de 
estudo, se non tamén para o entendemento dos procesos e consecuencias que estes 
produciron. 
Con esta fin, abordáronse os distintos aspectos sedimentolóxicos, 
micropaleontolóxicos e paleoceanográficos que involucran o uso de metodoloxías más 
clásicas como outras de carácter máis innovador. Entre as metodoloxías clásicas 
poderíase destacar a análise das asociacións dos foraminíferos planctónicos, namentres 
que nas máis novidosas cabería o destacar o cálculo das paleotemperaturas a partir da 
relación Mg/Ca medida nas cunchas de foraminíferos planctónicos, concretamente, na 
especia G. bulloides. Ademais das citas, foron usadas outras técnicas que aparecen 
descritas nos correspondentes capítulos. Esta combinación de técnicas de diferente 
natureza e independentes entre si, permitiu o establecer a evolución da Conca Interior 
de Galicia dende diversos puntos de vista durante os últimos 60 ka. Nos capítulos 
previos foron tratados especificamente estas cuestións, polo que a continuación vanse a 
destacar as achegas máis importantes, tentando amosar de forma clara e integrada os 
principais resultados e conclusión obtidos alén dos presentados xa ao longo dos 
traballos específicos. 
 
6.2.1 Recheo sedimentario. 
A análise sedimentaria das seis testemuñas extraídas no transeto latitudinal (E-
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W) que cruza a Conca Interior de Galicia permitiu o recoñecemento e caracterización 
das facies que forman o rexistro sedimentario da conca durante os últimos 60 ka, 
agrupalas e ligalas aos procesos concretos que as xeraron. 
Identificáronse un total de once facies que se agrupan en cinco categorías en 
función do ambiente sedimentario no que foron depositadas. A evolución no espazo e 
no tempo destas facies, a súa arquitectura, permitiu a diferenciación de tres ambientes 
dentro da conca. Estes ambientes ou dominios que van cambiando no espazo e no 
tempo correspóndense aos sectores/intervalos nos que dominan os procesos peláxicos 
e hemipeláxicos, os procesos contorníticos e os procesos turbidíticos. 
 
6.2.1.1 Tipo de facies 
As principais características das facies agrupadas, ás que foron identificadas co 
nome do proceso que lle dá orixe, preséntanse a continuación: 
-Facies Peláxicas 
As facies peláxicas atópanse no rexistro sedimentario da Conca Interior de 
Galicia como tres facies que teñen en común o seu carácter masivo ou homoxéneo, ás 
veces unha laminación difusa debido ao intenso grao de bioturbación que presentan. As 
cores de tons claros dende os brancos aos ocres. Están formadas por sedimentos de 
tamaño de area fina e limo nos que as partículas dominantes son de orixe bioxénico, 
ricas polo tanto en carbonato cálcico. 
 
-Facies Hemipeláxicas 
 Catros facies forman esta agrupación. As facies hemipeláxicas compóñense 
sobre todo de limo siliciclástico cunha abundancia elevada de grans de minerais 
pesados, pobremente seleccionados. Estas faciesa amósanse masivas ou laminadas, con 
cores do verde oliva ao ocre. A bioturbación é intensa, caracterizada por tubos verticais 
e horizontais. Nestas facies aparecen niveis de concentración de cunhas de pterópodos 
intercalados. 
 
-Facies Contorniticas 
 Neste grupo foron individualizadas dúas facies, ambas masivas e laminadas dun 
xeito groseiro e con cores entre os grises e ocres. O nivel de bioturbación é variábel, e 
pode ser escaso e común. Están constituídas por limo siliciclástico e area limosa moi fina 
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e pobremente seleccionada. A fracción area consta de abundantes grans minerais 
negros e foraminíferos planctónicos. Como no caso anterior, presentan intercalacións 
centimétricas de niveis onde se concentran anacos de cunchas de pterópodos. Estas 
facies poderían definirse como as facies máis homoxéneas dentro da Conca Interior de 
Galicia, sen presentar cambios significativos no sedimento que as forma. 
 
-Facies Turbidíticas 
 Identificouse no recheo sedimentario unha facies de area fina ben seleccionada 
formada por grans siliciclásticos onde as micas son abundantes e nos que se mesturan 
grans bioclásticos formados por cunchas de foraminíferos e anacos de bivalvos e 
equinodermos. A coloración vai do gris ao ocre e presenta laminación paralela e 
cruzada, así como una gran-selección positiva. A base desta facies é unha superficie 
erosiva. As características descritas permiten asociar esta facies a procesos turbidíticos. 
 
-Niveis de IRD 
 Preséntanse como niveis milimétricos e centimétricos nos que se concentran 
partículas relativamente grosas de natureza siliciclástica e carbonatada, inmersas nunha 
matriz de limo ben seleccionado de composición mixta. Esta facies ten un aspecto 
masivo e lixeiramente laminado, con cores do ocre ao gris. As evidencias indican que 
estes grans son os que se corresponden aos IRD e que este niveis están ligados á 
chegada de icebergs á conca. 
 
6.2.1.2 Procesos sedimentarios na Conca Interior de Galicia durante os últimos 60 ka. 
 Como xa se explicou, no transecto onde as testemuñas foron extraídas atravesa 
as tres provincias fisiográficas da Conca Interior de Galicia: o centro da conca e os seus 
dous extremos, o occidental que coincide con flanco este do Banco de Galicia e o 
oriental representado polo talude continental de Galicia. 
 O recheo da conca presenta cambios laterais de facies asociados á variabilidade 
dos procesos sedimentarios nas diferentes partes da conca. Deste xeito, no centro da 
conca actúan fundamentalmente os procesos peláxicos e hemipeláxicos, mentres que 
nos bordes, ademais destes dous últimos, os procesos contorníticos ligados á interacción 
de correntes de contorno co talude e os turbidíticos, asociados a inestabilidades 
gravitatorias, están presentes. Ditos procesos están claramente controlados polo nivel 
do mar, que determina a achega de material terríxeno á conca, y polos cambios 
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climáticos, que modulan as masas de auga e a súa circulación e produtividade. Tamén, 
as pendentes asociadas aos bordes da conca determinan os procesos de 
resedimentación que xa foron documentados. 
 En xeral, a historia do recheo sedimentario da Conca Interior de Galicia pódese 
resumir en cinco períodos onde se intercalan os niveis de IRD e polo tanto os HE. 
Ademais dos HE, as características principais destes períodos son: 
 
-Entre 39 e 62 ka 
 Durante este período as condicións foron similares en toda a conca, 
independentemente da provincia que se considere. En todas elas tivo lugar unha 
sedimentación hemipeláxica entre a que se intercalan as chegas masivas de icebergs 
coincidindo cos HE, H6, H5a e H4. Todos eles están ben representados a longo da conca, 
poñéndose en evidencia polos seus respectivos niveis de IRD intercalados entre os 
sedimentos hemipeláxicos. 
 
-Dende o H4 até o H3 (39-30 ka) 
 Neste período quedan rexistradas as diferenzas entre as zonas da Conca Interior 
de Galicia debido aos diferentes procesos que predominan en cada área. Deste xeito, na 
parte máis occidental do conca as facies imperantes son as hemipeláxicas, pasando a 
peláxicas cara o centro da conca á parte correspondente ao talude continental, onde 
comeza a producirse o inicio da construción dun corpo contornítico mediante a 
interacción dunha corrente de contorno con esta parte do talude. Esta corrente 
correspóndese probablemente cunha auga do mediterráneo (MW) intensificada e 
circulando a unha profundidade maior da actual. A circulación máis activa durante este 
período tamén se rexistra nas masas de auga superficiais. O feito de que as testemuñas 
do talude non teñan o rexistro do H3, cando si aparece no centro da conca, foi 
interpretado como a intensificación da IPC, que actuaría como unha barreira á chegada 
de icebergs até o borde oriental da conca. 
 
-Desde o H3 até o LGM (30-18 ka) 
 Durante este período a diferenza entre as partes da conca continua tendo lugar, 
xa que no talude continental segue a darse o cremento do corpo contornítico, 
namentres que no centro da conca domina a sedimentación peláxica. De feito, o 
máximo desenvolvemento da contornita tivo lugar durante este período, xa que a 
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presenza das facies contorníticas non se restrinxen ao talude se non que se expanden 
cara lugares máis occidentais da conca. Do mesmo xeito, a circulación activa persiste na 
superficie. A ausencia do HE no borde oriental deberíase ás mesmas causas que se 
aludiron para o período anterior para xustificar a falla do rexistro do H3. 
 Polo que respecta ao borde occidental, en torno aos 20 ka, tivo lugar o primeiro 
e máis importante evento turbidítico rexistrado nas testemuñas. Este acontece no flanco 
este do Banco de Galicia e só deixa constancia na testemuñas máis cara o oeste da 
conca. Este proceso de resedimentación é o responsábel da erosión de parte dos 
materiais depositados previamente nesta zona da conca, causando a desaparación do 
H2 e o H3. O hiato xerado polo tanto terían polo menos 10 ka. 
 
-Dende 18 ka até o comezo do Holoceno 
 Neste período volven a establecerse de novo as condicións de uniformidade en 
toda a conca, dominando os procesos hemipeláxicos e puntualmente no centro desta, 
os peláxicos. O desenvolvemento do corpo contornítico remataría durante este período, 
polo que o talude continental xa non estaría influenciado pola corrente de contorno. 
Probablemente a MW estratificaríase ne niveis superiores da columna de auga desa 
época. O cambio climático máis abrupto rexistrado tivo lugar durante este período, o 
H1, que deixa un sinal intenso e continuo en toda a conca. Rematado este evento, 
volven as condicións peláxicas a ser comúns en toda conca, coa excepción do borde 
occidental, onde volveron a ter lugar os procesos de resedimentación, posibelmente ao 
comezo do Holoceno. A turbidida xerada é de menor entidade que a anterior. Neste 
caso, presenta menor espesor e a súa base non é tan erosiva. 
 
-Holoceno 
Continuando coa pauta establecida durante o período anterior, durante o 
Holoceno a sedimentación peláxica pasa a dominar toda a conca, estando a influencia 
continental aínda máis reducida, feito que se fai patente polas taxas de sedimentación 
máis baixas de todo o período considerado neste estudo. 
 
6.2.2 Columna de auga. 
O cambio máis intenso nas masas de auga profundas que se interpreta nesta 
Tese está relacionado coa circulación da MW, tal e como xa se expuxo anteriormente. 
Os datos suxiren que esta masa de auga estaría intensificada e ocuparía posicións máis 
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profundas no período comprendido entre o H4 e o LGM. Unhas condicións globais 
extremadamente frías puideron causar unha intensificación da taxa de formación da 
MW, que ademais sería máis densa e polo tanto estaría estratificada en niveis máis 
profundos que a actualidade. Esta interpretación está apoiada polos diversos traballos 
feitos nas proximidades na súa área de formación e na marxe continental do sul da 
Península Ibérica (Capítulo II). Á latitude da Conca Interior de Galicia, a MW tamén 
circularía en niveis máis profundos que os actuais neste período, bañando a parte 
correspondente ao talude continental e interaccionando coas irregularidades 
topográficas deste. En particular, neste sector da conca aparecen promontorios 
constituídos por afloramentos do zócalo a expensas dos cales pode desenvolverse o 
corpo contornítico xunto ao lado occidental destes promontorios. Durante os momentos 
de maior intensidade da MW (18-30 ka) esta masa de auga estendeu a súa influencia 
cara as áreas máis distantes da conca, expandíndose os sedimentos contorníticos alén 
do talud. 
 Tanto nos períodos anteriores como nos posteriores a esta fase de circulación 
intensificada, a MW tería características semellantes ás que se presentan na 
actualidade, polo que sería menos intensa e estaría estratificada a profundidades máis 
rasas. 
 
6.2.3 Oceanografía superficial. 
 No que respecta ás masas de auga superficiais e á súa circulación, estas tamén 
tiveron cambios durante o período estudado. Unha boa parte da Tese está enfocada 
precisamente á reconstrución destes cambios mediante a interpretación das asociacións 
de foraminíferos planctónicos e á relación Mg/Ca de G. bulloides e outros métodos de 
obtención da SST. As conclusións máis relevantes relacionadas con estes aspectos 
relátanse a continuación. 
 
6.2.3.1 Foraminíferos planctónicos. 
A análise dos foraminíferos planctónicos pon de manifesto, como característica 
principal, a alternancia de dous tipos de asociacións ao longo dos últimos 60 ka. Unha 
desta asociacións está fortemente dominada por N. pachyderma (sin), característica de 
augas polares, que aparece nos HE. Esta asociación é un dos criterios usado para a 
detección destes eventos nas testemuñas usadas. Ao longo destes arrefriamentos 
abruptos, a rexión foi invadida por augas polares debido á migración da Fronte Polar 
cara o sul, o cal situaríase nunha posición máis meridional á que ocupa a Conca Interior 
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de Galicia durante os arrefriamentos máis intensos. Esta asociación está ausente nas 
testemuñas do talude continental durante os H2 e H3, namentres que si está rexistrada 
no resto de testemuñas. Este feito apoia a interpretación da intensificación da IPC 
durante estes eventos abruptos, actuando como unha barreira de augas cálidas que 
para a penetración cara a marxe continental de augas frías procedentes da fusión de 
icebergs. 
A outra asociación de foraminíferos planctónicos rexístrase nos sedimentos 
depositados durante a última glaciación que non se corresponden cos HE nin co 
Holoceno. Está caracterizada por altas abundancias de G. bulloides, N. pachyderma (des) 
e G. inflata, que son especies típicas do Atlántico Norte en xeral e da NAC en particular, 
moi similares ás que se atopan na conca para o Holoceno. En función das abundancias 
relativas destas especies maioritarias, distinguíronse dúas modalidades desta asociación 
que representan diferentes condicións de estratificación da auga superficial. A 
modalidade con maiores abundancias de N. pachyderma (des) e G. inflata están 
relacionadas cunha maior influencia da ENACWst e condicións menos produtivas. A 
modalidade con maiores abundancias de G. bulloides estaría relacionada cunha 
preponderancia da ENACWsp na rexión e condicións de maior produtividade. 
 
6.2.3.2 Estacionalidade a partir da relación Mg/Ca en G. bulloides. 
 Os datos de paleotemperaturas da auga superficial obtidos na Conca Interior de 
Galicia mediante a relación Mg/Ca medida en G. bulloides amosa certas discrepancias, 
sobre todo durante os HE, con respecto a outros marcadores de paleontemperaturas 
(MAT-SST and Uk’37) medidos na propia conca e en sondaxes do sector meridional da 
Marxe Ibérica. As sinais do MAT-SST e do Uk’37 parecen axustarse máis á media anual de 
temperatura da auga superficial. Sen embargo, a relación Mg/Ca en G. bulloides 
reflexaría unha estacionalidade durante os HE, tanto na Conca Interior de Galicia como 
no sul da Península. Durante os HE ou como mínimo durante estes eventos a relación 
Mg/Ca sería representativa unicamente das estacións non tan extremas, durante as 
cales as condicións da auga superficial serían máis favorábeis para a proliferación de G. 
bulloides. Polo contrario, durante as estacións extremas, a fusión masiva de icebergs 
favoreceu o arrefriamento extremo da auga superficial e unha maior estratificación, que 
serían condicións menos propicias para G. bulloides. Ademais, a comparación do sinal do 
Mg/Ca de ambos sectores amosa a evolución conxunta da marxe polo menos nos 
últimos 35 ka, con unha resposta oceanográfica común aos cambios ambientais. A única 
diferenza vai ligada aos valores absolutos da temperatura que reflicte un gradiente 
latitudinal análogo ao que se establece na actualidade entre ambos extremos da 
Synthesis and conclusions 
244 
Península. Desta comparación despréndese o Mg/Ca en G. bulloides é un marcador máis 
resolutivo á hora de poñer de manifesto as variacións paleoceanográficas a escala 
submilenaria, frente aos rexistros do MAT que serían máis homoxéneos e 
representativos da media anual de temperatura, e menos sensíbel a amosar cambios de 
lata frecuencia. 
Finalmente, o estudo detallado do sinal Mg/Ca en G. bulloides durante os HE máis 
intensos da Conca Interior de Galicia, o H1 e o H4, pon de manifesto a diferenza 
significativas entre ámbolos dous, respondendo a diferentes condicións 
paleoceanográficas. Mentres que o sinal do H1 e do inicio do H4 reflicten a chegada 
directa dos icebergs e a súa fusión na conca e tamén a presenza de augas polares 
asociadas á migración da Fronte Polar, o final do H4 amosa unha estacionalidade moi 
acentuada. Esta estacionalidade estaría ligada á convivencia do sinal de condicións 
extremas con outro sinal que expresa condicións non tan severas, e incluso cálidas, que 
puideron terse dado durante outros períodos do ano. 
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Introdución 
Nos últimos anos véñense desenvolvendo novas técnicas para o análise de 
rexistros mariños, que nos ofrecen información para interpretar o pasado climático e 
oceanográfico. O enfoque multidisciplinar co que se están estudando os rexistros 
oceánicos, fai que a cantidade de sedimento utilizado pra obter os diferentes 
parámetros, teña que ser cada menor e así poder levar a cabo maior número de 
análises, posto que a cantidade de sedimento é limitada e en moitos casos, require 
un amplo esforzo económico para a súa obtención.  
Neste sentido son de especial relevancia as técnicas chamadas non 
destrutivas, coas que podemos analizar o sedimento, obter parámetros e 
características tanto físicas como químicas, sen a necesidade de destruílo, quedando 
este dispoñíbel para outros análises. Esto facilita que os rexistros poidan ser 
estudados por un amplo rango de técnicas e metodoloxías diferentes. Dentro destas 
técnicas non destrutivas, está a Tomografía Computarizada (CT-scan), aínda que o 
seu uso nos rexistros oceánicos é aínda de nova aplicación. De forma xeral, esta 
técnica permite unha análise preliminar dos rexistros oceánicos sen necesidade de 
abrir e alterar o rexistro en si. Esta análise preliminar permite obter unha visión de 
moita resolución do sedimento que conforma o rexistro, tanto da súa radio-
densidade, moi importante tanto dende o punto de vista da composición como da 
humidade e da porosidade (entre outros) do sedimento, como da súa distribución, 
configuración e orientación no espazo. Todas estas características obtidas 
previamente a calquera tipo de análises permiten un recoñecemento de 
determinados sinais e eventos cuxa identificación facilitan e poden optimizar o 
esforzo na mostraxe e na análise, podendo discriminar, no caso de que se conte con 
varios rexistros a elixir, cal é o que mellor se pode adaptar aos obxectivos do estudo.  
Nesta identificación previa e na optimización dos análises dos diferentes 
rexistros é onde se enmarca o desenvolvemento do software especializado que aquí 
se detalla. A aplicación anidoC, como programa de tratamento de datos de radio-
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densidade (unidades Hounsfield), obtidos mediante CT-scan, de testemuñas de 
sedimento mariño ten dúas aplicacións ben diferenciadas:  
a) Cálculo de radio-densidade promedio dunha rexión concreta do rexistro  
b) Análise do rexistro mediante diferentes rangos de radio-densidades. 
Características xerais de anidoC 
O anidoC é o resultado do deseño e implementación dunha aplicación en 
linguaxe de programación C que utiliza datos de radio-densidade de rexistros 
sedimentarios oceánicos obtidos mediante técnicas de inspección tomográfica por 
raios X. 
O funcionamento xeral do programa está descrito no seguinte diagrama de 
fluxo (Figura A1): 
 
 
 
Figura A1: exemplo do diagrama de fluxo do anidoC cuns parámetros determinados. Neste caso os 
parámetros optimizados para o recoñecemento dos Eventos de Heinrich na Marxe Continental Atlántica de 
Galicia. 
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Estrutura do programa 
O programa anidoC foi implementado como dúas aplicacións en paralelo que 
buscan a consecución dos obxetivos para os que foi deseñado. A compilación de 
cada unha das aplicacións depende da compilación previa de diferentes librerías que 
tamén se distribúen no propio paquete anidoC e que forman parte do código no seu 
conxunto. 
A estrutura de directorios é a seguinte: 
anidoC 
- misc/anidoC 
Contén o código das dúas aplicacións anidoC_profile.c e anidoC_histogram.c 
xunto co ficheiro Makefile que se emprega para a compilación de cada unha.  
 
- Book 
Contén as librerías necesarias para compilar as aplicacións. Os ficheiros das 
librerías están estruturadas nun directorio src que contén o código e outro include 
que contén os ficheiros de encabezados das librerías. 
O resto de directorios de book son depend que se emprega para gardar as 
dependencias da compilación e os dous directorios objects e lib que gardan os 
ficheiros binarios da librería compilada (*.so, *.a e *.lib). 
Compilación e instalación 
A compilación do programa está probada polo momento en entornos UNIX, 
aínda que consideramos que non debería ser problemática a súa compilación nun 
entorno WiNDOWS, pois únicamente se empregan estándares C. 
Para compilar o código fonte é preciso seguir estes pasos: 
a) Compilación da librería 
cd book 
make dep 
make all 
b) Compilación das aplicacións 
cd misc/anidoC 
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Antes de realizar a compilación hai que comprobar a liña do ficheiro MAkefile 
onde se indica a aplicación que queremos compilar (EXE_NAME). Indicamos o nome 
da aplicación que imos compilar (sen extensión .c) 
make 
c) Con isto deberíamos ter dous ficheiros executables no directorio ben 
situado 
d) Unha vez rematada a compilación a instalación do programa faise 
empregando o ficheiro install.sh que precisa da execución previa de entorno.sh. O 
resultado é que os executables instálanse no directorio que lle indicamos, por 
exemplo /opt/local/bin e polo tanto estarán dispoñibles para todos os usuarios da 
máquina. 
Primeiros pasos con anidoC 
O primeiro que se debe ter en conta é que o programa traballa con datos 
obtidos mediante técnicas de inspección tomográfica e polo tanto son datos 
tridimensionais, en xeral de gran tamaño. Estes datos conforman unha matriz 
tridimensional de datos de radiosensibilidade, gardados dun xeito concreto en 
función de como se realiza o estudio tomográfico. O proceso de lectura deste tipo de 
datos se fai mediante diferentes estándares de imaxe médica, que permiten ler o 
tipo de datos e o tamaño da matriz. Para este programa se implementou o estándar 
Analyze que permite a lectura de ficheiros de imaxe gardados como un encabezado 
(hdr) e os propios datos (img). Polo tanto únicamente poderemos traballar con este 
tipo de imaxes, aínda que a conversión dende outros formatos de imaxe como 
DICOM ou NIFTI é un proceso sinxelo que se pode realizar con moitos dos programas 
de visualización de imaxes dispoñibles na rede. 
Unha vez preparados os datos de entrada procederemos a executar en liña de 
comandos as dúas aplicacións dispoñible en anidoC. A execución de cada un deles 
imprime por pantalla o listado de parámetros de entrada que precisa cada un para a 
súa correcta execución. O programa únicamente comeza a procesar os datos cando 
todos os parámetros de entrada se introducen correctamente. 
 
anidoC_profile 
Esta aplicación imprime por pantalla os valores numéricos de radio-densidade 
que corresponden a un perfil axial ao longo do rexistro pero obtidos dentro dunha 
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rexión de interese (ROI) que permite evitar artefactos de borde. Tamén imprime este 
perfil axial contando sobre diferentes rangos de radio-densidade. 
Parámetros de entrada: 
1) Nome base da imaxe de entrada en formato Analyze (img) 
2) Número de ficheiros a procesar (en xeral os datos dun mesmo 
rexistro veñen en ficheiros de imaxe diferentes) 
3) Ficheiro de encabezado (hdr) da ROI empregada (que se debe facer 
previamente) ou ben seleccionar NO se se quere facer automáticamente. 
4) Intervalo de cortes que forman cada punto do perfil. Esto permite 
reducir o número de puntos no perfil e tamén a variabilidade estatística.  
5) MIN/MAX de ata catro materiais para que tamén se imprima por 
pantalla o número de puntos que teñen densidades entre MIN e MAX como outro 
xeito de entender o perfil axial de radio-densidade. 
6) Radio da ROI que se quere empregar (se no argumento 2 se 
selecciona –NO-) 
Desta maneira obténse un cálculo da radio-densidade promedio dunha rexión 
concreta da testemuña de sedimento. Utilizando a grande cantidade de datos 
obtidos no análise con CT-scan, pódese definir unha rexión de interese (ROI) en tres 
dimensións (cilindro), centrada no punto medio da testemuña. A esta ROI pódeselle 
definir o radio, podendo así obter diferentes densidades promedio dependendo dos 
obxetivos do cálculo, e a lonxitude, co cal pódense obter densidades promedio para 
varias resolucións verticais. Con esta aplicación pódese polo tanto obter a 
cuantificación dun parámetro que cos datos brutos de CT-scan faise difícil de 
cuantificar e ademais facer máis manexábel a inmensa cantidade de datos obtidos 
para cada testemuña mediante o CT-scan. Ademais, esta cuantificación posibilita a 
comparación destes datos con outros obtidos na análise da testemuña, xa sexa de 
parámetros físicos do sedimento como composicionáis, mineralóxicos, texturais, 
micropaleontolóxicos... 
O parámetro descrito en (5) permite obter a porcentaxe de puntos que 
conforman a ROI (segundo os parámetros que se definan para esta) que se 
encontran nun determinado rango de radio-densidades que se pode definir nas 
entradas do programa. Este feito é moi importante para a identificación de zonas de 
sedimento que poidan ou que se encontren nuns rangos de densidade moi 
diferentes ao resto de sedimento. 
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anidoC_histogram 
Esta segunda aplicación complementa á anterior pois ofrece un histograma de 
valores de radio-densidade dentro da ROI. 
Parámetros de entrada 
1) Nome base da imaxe de entrada en formato Analyze (img) 
2) Número de ficheiros a procesar (en xeral os datos dun mesmo 
rexistro veñen en ficheiros de imaxe diferentes) 
3) Ficheiro de encabezado (hdr) da ROI empregada (que se debe facer 
previamente) ou ben seleccionar NO se se quere facer automáticamente. 
4) Número de intervalos do histograma 
5) Radio da ROI que se quere empregar (se no argumento 2 se 
selecciona –NO-) 
Exemplos de uso 
O anidoC foi probado con éxito en rexistros ben estudados da marxe atlántica 
galega, podendo comparar os datos de radiodensidade con datos composicionais, 
vendo así de que xeito cada elemento ou mineral se manifesta na tomografía, e 
ademais identificando nuns determinados rangos de densidade, o sinal dos 
diferentes eventos que conforman o rexistro. 
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Datos técnicos do rexistro e código de 
programación do anidoC 
 
 
Datos técnicos do rexistro do anidoC 
O programa anidoC foi inscrito no Rexistro Xeral da Propiedade Intelectual 
segundo o disposto na Lei da Propiedade Intelectual (Real Decrete Lexislativo 1/1996 
do 12 de Abril) co número de asento rexitral 03/2012/1054 o 24 de setembro de 
2012 de conformidade cos acordos de titularidade asinados con data do 27 de abril 
de 2012 entre as Universidade de Vigo (UVIGO), Universidade de Santiago de 
Compostela (USC) e a Fundación para a Investigación, Desenrolo e Innovación do 
Complexo Hospitalario Universitario de Santiago (IDICHUS) nos que as porcentaxes 
do programa anidoC corresponden nun 20% á USC e nun 40% á UVIGO e á Fundación 
IDICHUS. 
Neste rexistro do programa anidoC figuran como autores e titulares dos 
dereitos: 
Anxo Mena Rodríguez (UVIGO) 
Pablo Aguiar Fernández (IDICHUS) 
Daniel Barreiro Vázquez (USC) 
Guillermo Francés Pedraz (UVIGO) 
Alfredo Iglesias Lago (UVIGO) 
Andrés Barreiro Lois (USC) 
Dado que o programa foi creado sen ánimo de lucro, e para incentivar o seu 
uso sempre que sexa posíbel, o código de programación do anidoC móstrase a 
continuación para cada un dos usos diferenciados do programa denominadas 
anidoC_profile e anidoC_histogram. As instrucións de uso do programa nas que 
figuran o xeito de introducir os datos e ficheiros e obtención dos datos figuran no 
Anexo I. 
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anidoC_profile 
 
#include <stdio.h> 
#include <malloc.h> 
#include <stdlib.h> 
#include <string.h> 
#include <math.h> 
#include <util/nrutil.h> 
#include <util/inpout.h> 
#define NUMARG 14 
 
int MM,PN,M,N,P; 
 
int main(int argc,char **argv) 
{ 
int i,j,k,kreal,kinter,kcentro,jini,jfin,iini,ifin,discen,ind,ncortes,nficheros,nficheros_i,radio_roi,n; 
int nmat1,nmat2,nmat3,nmat4; 
char nom_hdr[180],nom_img[180],nom_base[180],nom_hdr_roi[180]; 
short int *ima,*imaposx,*imaposy,*centroi,*centroj; 
float prom,prom_tot; 
float fnmat1,fnmat2,fnmat3,fnmat4; 
int min_hu1,max_hu1,min_hu2,max_hu2,min_hu3,max_hu3,min_hu4,max_hu4; 
struct imagen ima_roi,ima_aux; 
FILE *file; 
 
static char *opcions[]={ 
     "\nargv[1] Input filename (img)", 
     "\nargv[2] Number of files", 
     "\nargv[3] Header (ROI) | NO (automatic ROI)",  
     "\nargv[4] Intervals or shift (Ex: 10, 20..)",  
     "\nargv[5] Min HU mat 1",  
     "\nargv[6] Max HU mat 1",  
     "\nargv[7] Min HU mat 2",  
     "\nargv[8] Max HU mat 2", 
     "\nargv[9] Min HU mat 3",  
     "\nargv[10] Max HU mat 3", 
     "\nargv[11] Min HU mat 4",  
     "\nargv[12] Max HU mat 4", 
     "\nargv[13] Radius of circular ROI (in pixels)\n\n",  
     }; 
 
if (argc!=NUMARG){ 
 printf("\n\nTo print axial profiles (averaged in slices) within the ROI and the fraction of 
each selected material\nDedicated software for CT sediments analysis (since 2009)\nP. Aguiar - 
A. Mena\n"); 
      printf("\n\nMore inputs are required\n"); 
      for (i=1;i<NUMARG;i++) printf(opcions[i-1]); 
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      exit (-1); 
      } 
 
strcpy(nom_base,argv[1]); 
nficheros=atoi(argv[2]); 
strcpy(nom_hdr_roi,argv[3]); 
kinter=atoi(argv[4]); 
min_hu1=atoi(argv[5]); 
max_hu1=atoi(argv[6]); 
min_hu2=atoi(argv[7]); 
max_hu2=atoi(argv[8]); 
min_hu3=atoi(argv[9]); 
max_hu3=atoi(argv[10]); 
min_hu4=atoi(argv[11]); 
max_hu4=atoi(argv[12]); 
radio_roi=atoi(argv[13]); 
ima_roi.nfil=512; 
ima_roi.ncol=512; 
 
 
// To read ROI image  
if(strncmp(nom_hdr_roi,"NO",2)!=0) 
{ 
 lee_imagen_hdr(nom_hdr_roi,&ima_roi); 
} 
 
 
 
for(nficheros_i=nficheros;nficheros_i>0;nficheros_i--) 
{ 
 
 // To read input image 
 sprintf(nom_img,"%s_%d.img",nom_base,nficheros_i); 
 sprintf(nom_hdr,"%s_%d.hdr",nom_base,nficheros_i); 
  file=fopen(nom_img,"r"); 
        lee_template_hdr(nom_hdr,&ima_aux); 
 ncortes=ima_aux.nima;  
        printf("\n---------------------------------------------------------------\n"); 
 printf("Filename: %s (slices:%d)\n",nom_img,ncortes); 
 
 centroi=(short int *)malloc(ncortes*sizeof(short int)); 
 centroj=(short int *)malloc(ncortes*sizeof(short int)); 
 kreal=kinter; 
 
 // Only for automatic ROI 
 if(strncmp(nom_hdr_roi,"NO",2)==0) 
 { 
  for(k=0;k<ncortes;k++) 
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  { 
 
      ima=(short int *)malloc(ima_roi.ncol*ima_roi.nfil*sizeof(short int)); 
      imaposx=(short int *)malloc(ima_roi.ncol*sizeof(short int)); 
      imaposy=(short int *)malloc(ima_roi.nfil*sizeof(short int)); 
      fread(ima, sizeof(short int), ima_roi.ncol*ima_roi.nfil, file); 
 
      if(kreal==kinter) 
      { 
       // Center in rows (j) 
       for(j=0;j<ima_roi.nfil;j++) 
       { 
    imaposy[j]=0; 
        for(i=0;i<ima_roi.ncol;i++) 
        {     
     ind=(j*ima_roi.ncol)+i; 
     if(ima[ind]>0) 
     { 
      imaposy[j]=1; 
     }  
    } 
       } 
 
       for(j=1;j<ima_roi.nfil-1;j++) 
       { 
    if(imaposy[j]==0 && imaposy[j+1]==1) jini=j; 
    if(imaposy[j]==1 && imaposy[j+1]==0) jfin=j; 
       }             
 
 
       // Center in cols (i) 
       for(i=0;i<ima_roi.ncol;i++) 
       { 
    imaposx[i]=0; 
        for(j=0;j<ima_roi.nfil;j++) 
        {     
     ind=(j*ima_roi.ncol)+i; 
     if(ima[ind]>0) 
     { 
      imaposx[i]=1; 
     }  
    } 
       } 
 
       for(i=1;i<ima_roi.ncol-1;i++) 
       { 
    if(imaposx[i]==0 && imaposx[i+1]==1) iini=i; 
    if(imaposx[i]==1 && imaposx[i+1]==0) ifin=i; 
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       }             
 
               kreal=0; 
           centroj[k]=0.5*(jfin-jini)+jini; 
           centroi[k]=0.5*(ifin-iini)+iini; 
              //printf("k=%d,%d,%d\t \n",k,centroi[k],centroj[k]); 
 
      } 
      else 
      { 
           centroj[k]=999; 
           centroi[k]=999; 
      } 
      kreal++; 
 
  } 
 } 
 
 
 fclose(file); 
 file=fopen(nom_img,"r"); 
 
 
 // Mean values per slice (or set of slices) 
 kreal=1; 
 kcentro=0; 
        prom=0; 
 n=0; 
 nmat1=0; 
 nmat2=0; 
 nmat3=0; 
 nmat4=0; 
 prom_tot=0; 
        printf("ZPOS\tMEAN\t\t\tMAT1(%d-%d)\t\tMAT2(%d-%d)\t\tMAT3(%d-%d)\t\tMAT4(%d-
%d)\n",min_hu1,max_hu1,min_hu2,max_hu2,min_hu3,max_hu3,min_hu4,max_hu4); 
 for(k=0;k<ncortes;k++) 
 { 
     ima=(short int *)malloc(ima_roi.ncol*ima_roi.nfil*sizeof(short int)); 
     fread(ima, sizeof(short int), ima_roi.ncol*ima_roi.nfil, file); 
      
     for(j=0;j<ima_roi.ncol;j++) 
     {     
  for(i=0;i<ima_roi.nfil;i++) 
  {     
   ind=(j*ima_roi.ncol)+i;    
   
   if(strncmp(nom_hdr_roi,"NO",2)!=0 && ima_roi.datos[ind]==100) 
   { 
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       prom=prom+ima[ind];    
       n++; 
   } 
   
   if(strncmp(nom_hdr_roi,"NO",2)==0) 
   { 
   
       discen=(int)sqrt((i-centroi[kcentro])*(i-centroi[kcentro])+(j-
centroj[kcentro])*(j-centroj[kcentro])); 
       if(discen<radio_roi) 
       {          
    prom=prom+ima[ind]; 
    if(ima[ind]>min_hu1 && ima[ind]<max_hu1) nmat1++; 
    if(ima[ind]>min_hu2 && ima[ind]<max_hu2) nmat2++; 
    if(ima[ind]>min_hu3 && ima[ind]<max_hu3) nmat3++; 
    if(ima[ind]>min_hu4 && ima[ind]<max_hu4) nmat4++; 
    n++; 
       } 
   } 
  } 
     } 
     prom_tot=prom_tot+(prom/n); 
     //printf("fraccion: %f mat: %d n:%d\n",100*((float)nmat1/n),nmat1,n); 
     prom=0; 
     fnmat1=fnmat1+100*((float)nmat1/n); 
     fnmat2=fnmat2+100*((float)nmat2/n); 
     fnmat3=fnmat3+100*((float)nmat3/n); 
     fnmat4=fnmat4+100*((float)nmat4/n); 
     n=0; 
     nmat1=0; 
     nmat2=0; 
     nmat3=0; 
     nmat4=0; 
      
            if(kreal==kinter) 
     { 
     kcentro=k+1; 
     
printf("%d\t%f\t\t%1.3f\t\t\t%1.3f\t\t\t%1.3f\t\t\t%1.3f\n",k+1,prom_tot/kinter,fnmat1/kinter,f
nmat2/kinter,fnmat3/kinter,fnmat4/kinter); 
     prom_tot=0; 
     fnmat1=0; 
     fnmat2=0; 
     fnmat3=0; 
     fnmat4=0; 
     kreal=0; 
      } 
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     kreal++; 
 } 
 fclose(file); 
}  
 
return 0; 
} 
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anidoC_histogram 
 
#include <stdio.h> 
#include <malloc.h> 
#include <stdlib.h> 
#include <string.h> 
#include <math.h> 
#include <util/nrutil.h> 
#include <util/inpout.h> 
#define NUMARG 6 
 
int MM,PN,M,N,P; 
 
int main(int argc,char **argv) 
{ 
int 
i,j,k,kreal,kinter,kcentro,jini,jfin,iini,ifin,discen,ind,ind_aux,ncortes,nficheros,nficheros_i,radio_roi
,n; 
int *hist; 
float interv,tam_interv; 
float *min,*max; 
char nom_hdr[180],nom_img[180],nom_base[180],nom_hdr_roi[180]; 
short int *ima,*imaposx,*imaposy,*centroi,*centroj; 
struct imagen ima_roi,ima_aux; 
FILE *file; 
 
static char *opcions[]={ 
     "\nargv[1] Input filename (img)", 
     "\nargv[2] Number of files", 
     "\nargv[3] Header (ROI) | NO (automatic ROI)",  
     "\nargv[4] Number of histogram intervals",  
     "\nargv[5] Radius of circular ROI (in pixels)s\n\n",  
     }; 
 
if (argc!=NUMARG){ 
 printf("\n\nTo print histogram CT values within the ROI\nDedicated software for CT 
sediments analysis (since 2009)\nP. Aguiar - A. Mena\n"); 
      printf("\n\nFaltan argumentos\n"); 
      for (i=1;i<NUMARG;i++) printf(opcions[i-1]); 
      exit (-1); 
      } 
 
 
min=(float *)malloc(sizeof(float)); 
max=(float *)malloc(sizeof(float)); 
 
kinter=10; 
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strcpy(nom_base,argv[1]); 
nficheros=atoi(argv[2]); 
strcpy(nom_hdr_roi,argv[3]); 
interv=(float)atoi(argv[4]); 
radio_roi=atoi(argv[5]); 
ima_roi.nfil=512; 
ima_roi.ncol=512; 
 
 
/* To read ROI image */ 
if(strncmp(nom_hdr_roi,"NO",2)!=0) 
{ 
 lee_imagen_hdr(nom_hdr_roi,&ima_roi); 
} 
 
 
 
for(nficheros_i=nficheros;nficheros_i>0;nficheros_i--) 
{ 
 
 // To read input image 
 sprintf(nom_img,"%s_%d.img",nom_base,nficheros_i); 
 sprintf(nom_hdr,"%s_%d.hdr",nom_base,nficheros_i); 
  file=fopen(nom_img,"r"); 
        lee_template_hdr(nom_hdr,&ima_aux); 
 ncortes=ima_aux.nima;  
        printf("\n---------------------------------------------------------------\n"); 
 printf("File: %s (slices:%d)\n",nom_img,ncortes); 
 
 centroi=(short int *)malloc(ncortes*sizeof(short int)); 
 centroj=(short int *)malloc(ncortes*sizeof(short int)); 
 kreal=kinter; 
 
 // Only for automatic ROI 
 if(strncmp(nom_hdr_roi,"NO",2)==0) 
 { 
  for(k=0;k<ncortes;k++) 
  { 
 
      ima=(short int *)malloc(ima_roi.ncol*ima_roi.nfil*sizeof(short int)); 
      imaposx=(short int *)malloc(ima_roi.ncol*sizeof(short int)); 
      imaposy=(short int *)malloc(ima_roi.nfil*sizeof(short int)); 
      fread(ima, sizeof(short int), ima_roi.ncol*ima_roi.nfil, file); 
 
      if(kreal==kinter) 
      { 
       // Center in rows (j) 
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       for(j=0;j<ima_roi.nfil;j++) 
       { 
    imaposy[j]=0; 
        for(i=0;i<ima_roi.ncol;i++) 
        {     
     ind=(j*ima_roi.ncol)+i; 
     if(ima[ind]>0) 
     { 
      imaposy[j]=1; 
     }  
    } 
       } 
 
       for(j=1;j<ima_roi.nfil-1;j++) 
       { 
    if(imaposy[j]==0 && imaposy[j+1]==1) jini=j; 
    if(imaposy[j]==1 && imaposy[j+1]==0) jfin=j; 
       }             
 
 
       // Center in cols (i) 
       for(i=0;i<ima_roi.ncol;i++) 
       { 
    imaposx[i]=0; 
        for(j=0;j<ima_roi.nfil;j++) 
        {     
     ind=(j*ima_roi.ncol)+i; 
     if(ima[ind]>0) 
     { 
      imaposx[i]=1; 
     }  
    } 
       } 
 
       for(i=1;i<ima_roi.ncol-1;i++) 
       { 
    if(imaposx[i]==0 && imaposx[i+1]==1) iini=i; 
    if(imaposx[i]==1 && imaposx[i+1]==0) ifin=i; 
       }             
 
               kreal=0; 
           centroj[k]=0.5*(jfin-jini)+jini; 
           centroi[k]=0.5*(ifin-iini)+iini; 
              //printf("k=%d,%d,%d\t \n",k,centroi[k],centroj[k]); 
 
      } 
      else 
      { 
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           centroj[k]=999; 
           centroi[k]=999; 
      } 
      kreal++; 
 
  } 
 } 
 
 
 fclose(file); 
 file=fopen(nom_img,"r"); 
 
 
 // Values within the ROI 
 kreal=1; 
 kcentro=0; 
 n=0; 
 for(k=0;k<ncortes;k++) 
 { 
     ima=(short int *)malloc(ima_roi.ncol*ima_roi.nfil*sizeof(short int)); 
     fread(ima, sizeof(short int), ima_roi.ncol*ima_roi.nfil, file); 
      
     for(j=0;j<ima_roi.ncol;j++) 
     {     
  for(i=0;i<ima_roi.nfil;i++) 
  {     
   ind=(j*ima_roi.ncol)+i; 
   ind_aux=k*(ima_roi.nfil*ima_roi.ncol)+(j*ima_roi.ncol)+i;   
   ima_aux.datos[ind_aux]=(float)ima[ind];  
 
   // Negative values to zero 
   if(ima[ind]<0) ima_aux.datos[ind_aux]=0; 
 
   // non-ROI values to -999 
   if(strncmp(nom_hdr_roi,"NO",2)!=0 && ima_roi.datos[ind]!=100) 
   { 
       ima_aux.datos[ind_aux]=-999; 
       n++; 
   } 
 
   // non-ROI (automatic) to -999   
   if(strncmp(nom_hdr_roi,"NO",2)==0) 
   { 
       discen=(int)sqrt((i-centroi[kcentro])*(i-centroi[kcentro])+(j-
centroj[kcentro])*(j-centroj[kcentro])); 
       if(discen>radio_roi || ima[ind]<0) 
       {          
        ima_aux.datos[ind_aux]=-999; 
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    n++; 
       } 
   } 
 
  } 
     } 
 
 } 
 
 // To print histogram 
 min[0]=0; // min is -999 but it was changed to zero because -999 is not within the ROI 
 max[0]=4000; 
 tam_interv=(max[0])/interv; 
 hist=histogram(&ima_aux,interv); 
 
 printf("\n"); 
 printf("Interval   \t max\t\t values \n"); 
 printf("---------------------------------------------------------\n"); 
 for(j=1;j<=interv;j++) 
 { 
  printf("     %d     \t%.1f\t\t%d\n",j,j*tam_interv,hist[j-1]); 
 } 
 
 fclose(file); 
}  
 
return 0; 
} 
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Brevísima consideración final: 
 
Por motivos de filiación xeográfica de nacemento e sen recorrer a ningún tipo de 
estrataxema nin forzamento excesivo, a modo de curiosidade, esta tese goza de poder 
comezar e rematar exactamente coas mesmas cinco letras, coa mesma palabra, 
tomando como inicio da tese o propio título. 
Pra non perder esta oportunidade da que gozo, e facendo uso desta anecdótica 
curiosidade, nestas liñas finais vou tentar de materializar este feito. 
Esta tese rematouse de redactar o día no que foron escritas e impresas estas liñas, o 7 
de novembro do 2013, na Galiza, na comarca das Mariñas, en Carral, nun lugar coñecido 
como A Pinguela, pertencente á unidade xeográfica parroquial onde nacín e de onde 
son, onde ao mundo se lle chama Paleo. 
